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0\ HQGHDYRXUV ZLWKLQ DQG EH\RQG WKLV UHVHDUFK ZRUN RYHU WKH SDVW WKUHH \HDUV ZRXOG
KDYH QRW EHHQ VXFFHVVIXO ZLWKRXW WKH VXSSRUW RI SHRSOH ZKR EHOLHYHG LQ PH , WKDQN WKH
$OPLJKW\ *RG ZKR FUHDWHG WKH KHDYHQ DQG HDUWK IRU EULQJLQJ PH WKLV IDU IRU LW LV QRW E\
P\ PLJKW QRU E\ P\ SRZHU EXW E\ +LV JUDFH DQG VSLULW 7KH /RUG VD\V ZH VKRXOG WKDQN
+LP LQ HYHU\ VLWXDWLRQ KHQFH WR +LP EH WKH JORU\ DQG WKDQNV
2QH FRXOG KDUGO\ KRSH IRU D EHWWHU PHQWRU WKDQ 3URIHVVRU 3UHGUDJ % 5DSDMLF ,
DP GHHSO\ JUDWHIXO DQG WKDQNIXO WR 3URIHVVRU 3UHGUDJ % 5DSDMLF IRU KLV HQGOHVV VXSSRUW
JXLGDQFH DQG HQFRXUDJHPHQW 3URIHVVRU 3UHGUDJ % 5DSDMLF¶V GHGLFDWLRQ WR UHVHDUFK DQG
WKH EUHDGWK DQG GHSWK RI KLV NQRZOHGJH RQ DOO WKLQJV VFLHQWLILF KDYH JUHDWO\ DPD]HGPH DQG
RWKHUV ERWK LQ KLV UHVHDUFK JURXS DQG RXWVLGH 5HVHDUFKHUV ZKR IROORZHG WKLV UROH PRGHO
KDYH EHFRPH JRRG UHVHDUFKHUV DQG HQJLQHHUV 5HJDUGOHVV RI ZKHUH , JR , KDYH OHDUQHG
IURP 3UHGUDJ WKDW D WUXH DQG JHQXLQH ORYH DQG GHGLFDWLRQ WR RQH FDUHHU LV ZKDW LW WDNHV WR
H[FHO LQ HYHU\ HQYLURQPHQW
, WKDQN 'U 5XLKHQJ :X IRU KLV VXSSRUW DV P\ VHFRQG VXSHUYLVRU QRW IRUJHWWLQJ
'U .DR&KHQJ +XDQJ DQG 'U &KDUDQ /LWFKILHOG IRU WKHLU FRQWULEXWLRQV VXSSRUW FULW
LFLVPV VWURQJ HQFRXUDJHPHQW DQG DGYLFH WKURXJKRXW WKH \HDUV RI WKLV UHVHDUFK ZRUN ,
DOVR WKDQN 3URIHVVRU 1G\ (NHUH 'U 6WHYH :RRGKHDG DQG 'U 5DMLQGHUSDO %KDWWL IRU
WKHLU DGPLQLVWUDWLYH VXSSRUW DQG DVVLVWDQFH RYHU WKH SDVW \HDUV , ZRXOG DOVR OLNH WR WKDQN
'DYLG 'HUULQJWRQ IRU KLV IHHGEDFN RQ WKH VWUXFWXUH RI WKH WKHVLV
7KLV ZRUN KDV EHQHILW IURP YDOXDEOH GLVFXVVLRQV ZLWK IULHQGV DQG FROOHDJXHV DW
WKH 8QLYHUVLW\ RI *UHHQZLFK LQFOXGLQJ 'U 7ULDQWDI\OORV $OGR .DQDNLV 'U 7LWXV ,
(QHK 'U $WKDU 4XUHVKL <RJHVK 1LMVXUH /DZDO %HOOR $QGUHZ $ $GHNXQOH DQG *UDFH
2OHWX , PXVW DOVR DFNQRZOHGJH IHOORZ 3K' VWXGHQWV ZKRVH FRQWULEXWLRQV PDGH WKH \HDUV
LL
RI JUDGXDWH VFKRRO HQMR\DEOH 3HWHU . %HUQDVNR (PHND $PDOX .HQQ\ & 2WLDED DQG
0DWKLDV (NSX ,¶P DOVR JUDWHIXO WR WKH VXSSRUWLQJ VWDII RI WKH VFKRRO RI HQJLQHHULQJ DW
0HGZD\ IRU WKHLU IULHQGO\ DQG VNLOOHG DVVLVWDQFH 0\ JUDWLWXGH DOVR JRHV WR WKH VFKRRO
RI (QJLQHHULQJ IRU WKH SURYLVLRQ RI ILQDQFLDO DVVLVWDQFH DV ZLWKRXW WKLV DVVLVWDQFH WKLV
UHVHDUFK ZRUN ZRXOG QRW KDYH EHHQ SRVVLEOH
0\ JUDWLWXGH DOVR JRHV WR P\ ZLIH +LOGD 0DUWHNL 'LQVLQ IRU KHU VXSSRUW GXULQJ
WKLV UHVHDUFK ZRUN DQG VSHFLDO DSSUHFLDWLRQ WR P\ ORYHO\ NLGV 1LL $PDUK 1DD $PDUWHOH\
DQG 1DD 'MDQZD IRU WKHLU GLVWXUEDQFH ODXJKWHU DQG IULHQGVKLS ZKLFK EULJKWHQHG HYHU\
PRPHQW RI P\ OLIH WKURXJK JUDGXDWH VFKRRO
, DOVR WKDQN DOO P\ DXQWLHV IRU WKHLU ILQDQFLDO VXSSRUW DQG HQFRXUDJHPHQW QRW IRU
JHWWLQJ P\ FRXVLQ DQG ZLIH 3URI DQG 0UV *LOIRUG $ $VKLWH\ IRU WKHLU ZRUGV RI HQFRXU
DJHPHQW 6SHFLDO WKDQNV JRHV WR P\ RQO\ VLVWHU &HFLOLD $PDUOH\ IRU KHU HQFRXUDJHPHQW
VXSSRUW DQG KHU ZLOOLQJQHVV WR JR H[WUD PLOH WR JHW ZKDWHYHU , QHHGHG WR PDNH WKLV GUHDP
FRPH WUXH WR P\ EURWKHUV $QGUHZ DQG .ZDVKLH , VD\ ELJ WKDQNV IRU WKH VXSSRUW DQG HQ
FRXUDJHPHQW ,¶P JUDWHIXO WR WKH SDVWRU DQG PHPEHUV RI -HVXV 5HYLYDO 0LQLVWU\ ,QWHUQD
WLRQDO LQ WKH 8. IRU WKHLU SUD\HUV HQFRXUDJHPHQW DQG VXSSRUW ZKLFK PDGH LW SRVVLEOH
IRU PH WR VHH WKH OLJKW DW WKH HQG RI WKH WXQQHO
)LQDOO\ P\ PRVW KHDUWIHOW JUDWLWXGH JRHV WR WKH WZR PRVW VSHFLDO SHRSOH LQ P\ OLIH
0\ IDWKHU DQG PRWKHU 0U DQG 0UV &OHPHQW 0 $QDQJ WKH\ VXSSRUWHG PH ZLWK HQGOHVV
ORYH FDULQJ SULGH DQG WKH\ DOVR LQVSLUHG PH ZLWK D ORYH RI OHDUQLQJ DQG DFDGHPLD , WKDQN
WKHP ERWK IRU DOZD\V EHLQJ WKHUH IRU PH
LLL
$%675$&7
,Q FRQYHQWLRQDO FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LQWHUIHUHQFH PRGHOOLQJ KDV IR
FXVHG RQ WKH VL[ SULPDU\ FRFKDQQHO LQWHUIHULQJ FHOOV ILUVW WLHU FRFKDQQHO FHOOV ,Q WKH
FXUUHQW DFFHSWHG LQWHUIHUHQFH PRGHO FRFKDQQHO LQWHUIHULQJ FHOOV EH\RQG WKH ILUVW WLHU VXE
VHTXHQW WLHU FRFKDQQHO FHOOV DUH QHJOHFWHG 7KLV FXUUHQWO\ DFFHSWHG LQWHUIHUHQFH PRGHOV
LV VXLWDEOH IRU FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV RSHUDWLQJ DW FDUULHU IUHTXHQFLHV I c
  DQG  *+] FHOO VL]H UDGLL 5>  NP DQG EDVLF SDWK ORVV H[SRQHQW α≥  7KH IXWXUH
DQG HPHUJLQJ ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DUH H[SHFWHG WR EH RSHUDWLQJ DW IUHTXHQ
FLHV I c >  *+]    *+] FHOO VL]H UDGLL 5≤  NP DQG EDVLF SDWK ORVV H[SRQHQW
α ≤  7KLV PDNHV WKH FXUUHQW DFFHSWDEOH FRFKDQQHO LQWHUIHUHQFH PRGHO XQVXLWDEOH IRU
LQIRUPDWLRQ FDSDFLW\ DQDO\VLV RI WKH IXWXUH FHOOXODU V\VWHPV 7KHUHIRUH D FRFKDQQHO LQWHU
IHUHQFH PRGHO VXLWDEOH IRU IXWXUH DQG HPHUJLQJ ZLUHOHVV FRPPXQLFDWLRQ V\VWHP EHFRPHV
QHFHVVDU\
,Q WKLV WKHVLV D QHZ DQG PRGLILHG LQWHUIHUHQFH PRGHO LV SURSRVHG 7KH SURSRVHG
LQWHUIHUHQFH PRGHO LQFOXGHV WKH ILUVW DQG VXEVHTXHQW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 7KH
SURSRVHG LQWHUIHUHQFH PRGHO ZLOO EH VXLWDEOH IRU FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV
RSHUDWLQJ DW FDUULHU IUHTXHQFLHV I c >  *+] FHOO VL]H UDGLL 5≤  NP DQG EDVLF SDWK ORVV
H[SRQHQW α ≤  $ PDWKHPDWLFDO DQDO\VLV VXSSRUWHG E\ FRPSXWHU VLPXODWLRQ LV XVHG
WR VWXG\ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH IRU WKH FRQYHQWLRQDO DQG SURSRVHG
LQWHUIHUHQFHPRGHO 7KH DQDO\VLV DQG VLPXODWLRQ UHVXOWV RI WKH SURSRVHG LQWHUIHUHQFHPRGHO
VKRZ WKDW DW FDUULHU IUHTXHQFLHV I c >  *+] FRFKDQQHO LQWHUIHULQJ FHOOV EH\RQG WKH ILUVW
WLHU EHFRPH DFWLYH DV FHOO VL]H UDGLXV 5 UHGXFHV $V DQ H[DPSOH IRU D FDUULHU IUHTXHQF\ I c
  *+] FHOO VL]H UDGLXV 5   P DW D QRUPDOL]HG UHXVH GLVWDQFH 5u   WKHUH ZDV
D   GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH FRQYHQWLRQDO DQG SURSRVHG
LY
LQWHUIHUHQFH PRGHO
$Q LQIRUPDWLRQ FDSDFLW\  FRVW DQDO\VLV LV XVHG WR ILQG D PLQLPXP FHOO VL]H IRU
LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV QHWZRUN WKXV D WKHRUHWLFDO OLPLW WR FHOO
VL]H UHGXFWLRQ 7KH UHVXOWV VKRZ WKDW DV WKH FHOO VL]H UDGLXV 5 UHGXFHV WR  P DQG OHVV WKH
SURSRVHG LQWHUIHUHQFH PRGHO VKRZ D     GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDFLW\
SHU XQLW FRVW  $ HWF DW PLFURZDYH FDUULHU IUHTXHQFLHV I c >  *+] 7KLV UHVXOW
LOOXVWUDWHV WKDW WKHUH LV D WKHRUHWLFDO OLPLW WR FHOO VL]H UHGXFWLRQ LQ UHODWLRQ WR LQIRUPDWLRQ
FDSDFLW\ SHUIRUPDQFH DQG FRVW
$Q LQGXFWLYH DSSURDFK LV XVHG WR JHQHUDWH D IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI
FRFKDQQHO LQWHUIHULQJ FHOOV 1n LQ D FHOOXODU ZLUHOHVV VLWH OD\RXW 6XFK D IRUPXOD DOORZV
RQH WR FDOFXODWH WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ VXEVHTXHQW WLHUV RI D FHOOXODU
ZLUHOHVV VLWH OD\RXW 7KH JHRPHWULF GHULYDWLRQ VKRZV WKDW WKH QXPEHU RI FRFKDQQHO LQWHU
IHULQJ FHOO 1n LQ D VXEVHTXHQW WLHU LV WKH SURGXFW RI WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ
FHOOV LQ WKH ILUVW WLHU 1 I DQG WKH WLHU QXPEHU Q 7KXV WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ
FHOO LQ D VXEVHTXHQW WLHU 1n  1 I × Q 7KLV IRUPXOD HQDEOHV VXEVHTXHQW WLHU FRFKDQQHO
LQWHUIHUHQFH WR EH LQFOXGHG LQ WKH LQIRUPDWLRQ FDSDFLW\ DQDO\VLV RI IXWXUH DQG HPHUJLQJ
DQG ILQGLQJ WKH PLQLPXP FHOO VL]H IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ D FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP
Y
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&KDSWHU  ,QWURGXFWLRQ 
 5HVHDUFK $LPV RI WKH 7KHVLV                         
 :LUHOHVV &RPPXQLFDWLRQ                           
 (OHFWURPDJQHWLF :DYHV 3URSDJDWLRQ DQG ,QWHUIHUHQFH        
 +LVWRU\ RI &HOOXODU :LUHOHVV &RPPXQLFDWLRQV DQG ,QIOXHQFH RI
&RFKDQQHO ,QWHUIHUHQFH                       
 3RVVLEOH )XWXUH 'HYHORSPHQW 'LUHFWLRQ RI &HOOXODU :LUHOHVV &RPPXQL
FDWLRQV                                     
 7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ     
 6SHFWUDO (IILFLHQF\                          
 ,QWHUIHUHQFH LQ &HOOXODU :LUHOHVV 6\VWHPV              
[
 0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV               
 &RQWULEXWLRQV RI WKH 7KHVLV                      
 2UJDQL]DWLRQ RI WKH 7KHVLV                          
 2XWOLQH RI WKH 7KHVLV                         
&KDSWHU  2YHUYLHZ RI &HOOXODU :LUHOHVV 6\VWHP 
 7KH &HOOXODU :LUHOHVV &RPPXQLFDWLRQ &RQFHSW               
 )UHTXHQF\ 5HXVH &RQFHSW LQ &HOOXODU 6\VWHP            
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 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG 5 :X ³0LQLPXP FHOO VL]H IRU LQIRU
PDWLRQ FDSDFLW\ LQFUHDVH LQ D VKDGRZHG HQYLURQPHQW RI FHOOXODU V\VWHP RSHUDWLQJ
DW FDUULHU IUHTXHQF\ JUHDWHU WKDQ  *+]´ (XUDVLS -RXUQDO ZLUHOHVV FRPPXQLFDWLRQV
DQG QHWZRUNLQJ WR EH VXEPLWWHG
 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG 5 :X ³0LQLPXP FHOO VL]H IRU LQIRUPD
WLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV QHWZRUN´ :LUHOHVV &RPPXQLFDWLRQV DQG
0RELOH &RPSXWLQJ $FFHSWHG
 . $ $QDQJ 3 % 5DSDMLF 5 :X / %HOOR DQG 7 , (QHK ³&HOOXODU V\VWHP LQ
IRUPDWLRQ FDSDFLW\ FKDQJH DW KLJKHU FDUULHU IUHTXHQFLHV GXH WR SURSDJDWLRQ ORVV DQG
V\VWHP SDUDPHWHUV´ 3URJUHVV ,Q (OHFWURPDJQHWLFV 5HVHDUFK % ,661 
YRO  SS  2FW 
 . $ $QDQJ 3 % 5DSDMLF / %HOOR DQG 5 :X ³6HQVLWLYLW\ RI FHOOXODU ZLUHOHVV
QHWZRUN SHUIRUPDQFH WR V\VWHP 	 SURSDJDWLRQ SDUDPHWHUV DW FDUULHU IUHTXHQFLHV
JUHDWHU WKDQ  *+]´ 3URJUHVV ,Q (OHFWURPDJQHWLFV 5HVHDUFK % ,661 
YRO  SS  $SU 
 / %HOOR 3 %DNDOLV 3 % 5DSDMLF . $ $QDQJ DQG 7 , (QHK ³$GDSWLYH 5HFHLYHU
3RZHU 5RXWLQJ 3URWRFRO IRU 0RELOH $G +RF :LUHOHVV 1HWZRUN´ -RXUQDO RI &RP
[[LL
PXQLFDWLRQV -&0 6SHFLDO ,VVXH $GYDQFHV LQ ZLUHOHVV FRPP DQG QHWZRUNV YRO
 QR  SS   2FW 
 7 , (QHK * 2OHWX 3 % 5DSDMLF . $ $QDQJ DQG / %HOOR ³$GDSWLYH PXO
WLXVHU UHFHLYHUV VFKHPH IRU 0,02 2)'0 RYHU LWHUDWLYHHTXDOL]DWLRQ IRU VLQJOH
FDUULHU WUDQVPLVVLRQ´ -RXUQDO RI HPHUJLQJ WUHQGV LQ HQJLQHHULQJ DQG DSSOLHG VFL
HQFHV -(7($6 ,661  YRO  QR  SS  $SULO 
&RQIHUHQFH 3DSHUV
 . $ $QDQJ / %HOOR 3 % 5DSDMLF 7 , (QHK DQG 3 %DNDOLV ³,PSDFW RI SURS
DJDWLRQ ORVV SDUDPHWHUV RQ G\QDPLF VRXUFH URXWLQJ SURWRFRO DW KLJKHU PLFURZDYH
FDUULHU IUHTXHQFLHV´ WK ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ FRPPXQLFDWLRQ 7HFK
QRORJ\ ,(((,&&7  1RY  &KHQJGX &KLQD $FFHSWHG
 . $ $QDQJ 3 % 5DSDMLF 5 :X ³,PSDFW RI VHFWRUL]DWLRQ RQ WKH PLQLPXP FHOO
VL]H IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV QHWZRUN´ ,; ,QWHUQDWLRQDO
6\PSRVLXP ,QGXVWULDO (OHFWURQLFV ,1'(/  %DQMD /XND %RVQLD DQG +HU]H
JRYLQD SS    1RY 
 . $ $QDQJ 3 % 5DSDMLF 5 :X * 2OHWX DQG / %HOOR ³0LQLPXP FHOO VL]H IRU
LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ D VKDGRZHG HQYLURQPHQW RI ODQG PRELOH FHOOXODU
V\VWHP´ WK ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ %URDGEDQG DQG:LUHOHVV &RPSXWLQJ
&RPPXQLFDWLRQ DQG $SSOLFDWLRQV %:&&$  9LFWRULD &DQDGD SS  
 1RY 
 . $ $QDQJ 7 , (QHK / %HOOR DQG ' / /DUNDL ´ 7KH LQIOXHQFH RI YHKLFXODU
WUDIILF RQ FHOOXODU ZLUHOHVV V\VWHP SHUIRUPDQFH DW PLFURZDYH FDUULHU IUHTXHQFLHV´
WK ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ $GDSWLYH 6FLHQFH DQG 7HFKQRORJ\ WK ,(((
,&$67  .XPDVL *KDQD SS    2FW 
 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG % /DZDO ³,PSDFW RI SURSDJDWLRQ ORVV SD
UDPHWHUV RQ FHOOXODU ZLUHOHVV QHWZRUN RSHUDWLQJ DW IUHTXHQFLHV JUHDWHU WKDQ  *+]´
WK ,((( ,QWHUQDWLRQDO :LUHOHVV &RPPXQLFDWLRQV DQG 0RELOH &RPSXWLQJ &RQIHU
HQFH ,((( ,:&0&  /LPDVVRO &\SUXV SS    $XJ 
[[LLL
 / %HOOR . $ $QDQJ 3 %DNDOLV 3 % 5DSDMLF DQG 7 , (QHK ³6HQVLWLYLW\ RI '65
SURWRFRO SHUIRUPDQFH WR SURSDJDWLRQ /RVV PRGHOV DW KLJKHU PLFURZDYH IUHTXHQFLHV´
WK ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWHU0RGHOOLQJ 6LPXODWLRQ WK ,(((
8.VLP  &DPEULGJH 8. SS    0DU 
 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK / %HOOR DQG * 2OHWX ³,PSDFW RI YHKLFXODU
WUDIILF RQ LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU ZLUHOHVV QHWZRUN DW FDUULHU IUHTXHQFLHV
JUHDWHU WKDQ  *+]´ WK ,((( (XURSHDQ 0RGHOOLQJ 6\PSRVLXP RQ 0DWKHPDWLFDO
PRGHOOLQJ DQG &RPSXWHU 6LPXODWLRQ WK ,((( (06  0DGULG 6SDLQ SS 
  1RY 
 3 %DNDOLV / %HOOR 2 -DJXQ . $ $QDQJ 7 , (QHK DQG $ 0XKDPPDG ´ 3HUIRU
PDQFH HYDOXDWLRQ RI FRQVWDQW ELW UDWH DQG YDULDEOH ELW UDWH WUDIILF PRGHOV RQ YHKLFX
ODU $G KRF QHWZRUN XVLQJ G\QDPLF VRXUFH URXWLQJ SURWRFRO´ UG ,((( ,QWHUQDWLRQDO
FRQIHUHQFH RQ $GDSWLYH 6FLHQFH DQG 7HFKQRORJ\ UG ,((( ,&$67  $EXMD
1LJHULD SS    1RY 
 7 , (QHK 3 % 5DSDMLF. $ $QDQJ 3 %DNDOLV DQG / %HOOR´ ,QIRUPDWLRQ FDSDFLW\
RI $GDSWLYH0,202)'0´ UG ,((( ,QWHUQDWLRQDO FRQIHUHQFH RQ$GDSWLYH 6FLHQFH
DQG 7HFKQRORJ\ UG ,((( ,&$67  $EXMD 1LJHULD SS    1RY 
 * 2OHWX 3 % 5DSDMLF 7 , (QHK DQG. $ $QDQJ ³(QKDQFHG HTXDOL]DWLRQ IRUPR
ELOH FRPPXQLFDWLRQ V\VWHPV´ WK ,((( (XURSHDQ0RGHOOLQJ 6\PSRVLXP RQ0DWKH
PDWLFDO PRGHOOLQJ DQG &RPSXWHU 6LPXODWLRQ WK ,((( (06  0DGULG 6SDLQ
SS    1RY 
 . $ $QDQJ / %HOOR 7 , (QHK 3 %DNDOLV DQG 3 % 5DSDMLF ³7KH SHUIRUPDQFH RI
G\QDPLF VRXUFH URXWLQJ SURWRFRO WR SDWK ORVV PRGHOV DW FDUULHU IUHTXHQFLHV DERYH 
*+]´ WK ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ FRPPXQLFDWLRQ 7HFKQRORJ\ ,(((
,&&7  -LQDQ &KLQD SS    6HSW 
 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG % /DZDO ³6HQVLWLYLW\ RI LQIRUPDWLRQ
FDSDFLW\ RI ODQG PRELOH FHOOXODU V\VWHP WR SURSDJDWLRQ ORVV SDUDPHWHUV DW KLJKHU
PLFURZDYH IUHTXHQFLHV´ ,Q 3URF RI WK ,((( ,QWHUQDWLRQDO :LUHOHVV &RPPXQLFD
[[LY
WLRQV DQG 0RELOH &RPSXWLQJ &RQIHUHQFH ,(((  ,:&0&  ,VWDQEXO 7XUNH\
SS  -XO\ 
 7 , (QHK * 2OHWX 3 % 5DSDMLF . $ $QDQJ DQG % /DZDO ³$GDSWLYH 006(
PXOWLXVHU GHWHFWLRQ IRU 0,02 2)'0 RYHU WXUERHTXDOL]DWLRQ IRU VLQJOHFDUULHU
WUDQVPLVVLRQ ZLUHOHVV &KDQQHO´ ,Q 3URF RI WK ,((( ,QWHUQDWLRQDO :LUHOHVV &RP
PXQLFDWLRQV DQG 0RELOH &RPSXWLQJ &RQIHUHQFH ,(((  ,:&0&  ,VWDQEXO
7XUNH\ SS  -XO\ 
 * 2OHWX 3 % 5DSDMLF 7 , (QHK DQG. $ $QDQJ ³,WHUDWLYH HTXDOL]DWLRQ HQKDQFHG
KLJK GDWD UDWH LQ ZLUHOHVV FRPPXQLFDWLRQ QHWZRUNV´ WK ,QWHUQDWLRQDO 6\PSRVLXP
RQ 0RGHOOLQJ DQG 2SWLPL]DWLRQ LQ 0RELOH $G +RF DQG :LUHOHVV 1HWZRUNV ,(((
:L2SW¶ 0D\ WK  WK  1HZ -HUVH\ 86$
 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG < 1LMVXUH ³0LQLPXP FHOO VL]H IRU
LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV QHWZRUN´ ,Q 3URF RI UG ,(((
9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH  VSULQJ ,((( 97&  VSULQJ %XGDSHVW
+XQJDU\ SS  0D\ 
 7 , (QHK 3 % 5DSDMLF . $ $QDQJ DQG % /DZDO ³,QIRUPDWLRQ FDSDFLW\ FRPSDU
LVRQV RYHU *DXVVLDQ FRPPXQLFDWLRQ FKDQQHOV ZLWK ,6, ZKHQ XVHG ZLWK VLQJOH FDUULHU
WUDQVPLVVLRQ ZLWK006(  ')( UHFHLYHU RU PXOWLFDUULHU 2)'0 UHFHLYHUV´ ,Q 3URF
RI UG ,(((9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH  VSULQJ ,(((97&  VSULQJ
%XGDSHVW +XQJDU\ SS  0D\ 
 7 , (QHK * 2OHWX 3 % 5DSDMLF . $ $QDQJ DQG % /DZDO ³$GDSWLYH YHFWRU
SUHFRGLQJ IRU0XOWLXVHU0,022)'0´ ,QWHUQDWLRQDO FRQIHUHQFH RQ ,&7 IRU$IULFD
,&7$IULFD  &RYHQDQW 8QLYHUVLW\ &DQDDQ /DQG 1LJHULD
 % /DZDO 3 %DNDOLV 6 0DQDP 7 (QHK DQG . $ $QDQJ ³3RZHU FRQWURO DQG
SHUIRUPDQFH FRPSDULVRQ RI $2'9 DQG '65´ LQ 3URF RI &RPSXWHU PRGHOOLQJ
DQG VLPXODWLRQ 8.6,0  8.6,0  ,((( WK ,QWHUQDWLRQDO &RQIHUHQFH RQ
&RPSXWHU 0RGHOOLQJ DQG 6LPXODWLRQ ,((( 8.6,0 &DPEULGJH 8. SS
 $SULO 
[[Y
 . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG * 2OHWX ³6HQVLWLYLW\ RI LQIRUPDWLRQ
FDSDFLW\ RI ODQG PRELOH FHOOXODU V\VWHP WR WKH EDVH VWDWLRQ DQWHQQD KHLJKW DW KLJKHU
PLFURZDYH IUHTXHQFLHV´ LQ 3URF RI UG ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWHU
5HVHDUFK DQG 'HYHORSPHQW ,((( ,&&5'  6KDQJKDL &KLQD SS 
0DU 
 7 , (QHK 3 % 5DSDMLF DQG. $ $QDQJ DQG% /DZDO ³$GDSWLYH006(0XOWLXVHU
'HWHFWLRQ LQ 0,02 2)'0 :LUHOHVV &RPPXQLFDWLRQ 6\VWHP´ UG ,QWHUQDWLRQDO
&RQIHUHQFH RQ (QJLQHHULQJ 5HVHDUFK DQG 'HYHORSPHQW ,&(5' %HQLQ &LW\
1LJHULD
 7 , (QHK 3 % 5DSDMLF . $ $QDQJ % /DZDO DQG $ 4XUHVKL³,QIRUPDWLRQ FD
SDFLW\ OLPLWV RI WKH FRPPXQLFDWLRQ V\VWHPZLWK DGDSWLYH006( UHFHLYHUV´ LQ 3URF
RI VW ,QWHUQDWLRQDO &RQIHUHQFH RQ )XWXUH ,QIRUPDWLRQ 7HFKQRORJ\ ,&),7 
&KDQJVKD &KLQD SS 9  9 'HF 
 7 , (QHK 3 % 5DSDMLF DQG . $ $QDQJ ³$GDSWLYH 006( PXOWLXVHU UHFHLYHUV
LQ 0,02 2)'0 ZLUHOHVV FRPPXQLFDWLRQ V\VWHP´ LQ 3URF RI WK ,((( ,QWHU
QDWLRQDO &RQIHUHQFH RQ FRPPXQLFDWLRQ 7HFKQRORJ\ ,(((,&&7 1DQMLQJ
&KLQD SS  1RY 
[[YL
&KDSWHU 
,QWURGXFWLRQ

5HVHDUFK $LPV RI WKH 7KHVLV
 5HVHDUFK $LPV RI WKH 7KHVLV
7KLV WKHVLV SURYLGHV D IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV
LQ VXEVHTXHQW WLHUV RI D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP VLWH OD\RXW ,W DGGUHVVHV D ORQJ
VWDQGLQJ TXHVWLRQ UHJDUGLQJ ZK\ DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLL
WKHUH LV D SUREOHP RI LQFUHDVH FRFKDQQHO LQWHUIHUHQFH > @" ZKLFK OHDGV WR D UHGXFWLRQ
LQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU V\VWHP >@ 7KH WKHVLV DGGUHVVHV WKH
DIRUHPHQWLRQHG TXHVWLRQ E\ VKRZLQJ WKDW DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H
UDGLL RWKHU WLHU FRFKDQQHO FHOOV EHFRPHV DFWLYH WKXV LQFUHDVLQJ FRFKDQQHO LQWHUIHUHQFH
,Q FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV UDQJHV RI PD[LPXP DQG PLQLPXP FHOOV VL]H
UDGLXV KDYH EHLQJ UHSRUWHG >±@ ,W KDV DOVR EHHQ VXJJHVWHG WKDW WKHUH PD\ EH D OLPLW WR
FHOO VL]H UDGLXV UHGXFWLRQ >@ +RZHYHU WKHUH DUH QR H[SODQDWLRQV RU SURRI IRU WKHP ,Q WKLV
WKHVLV ZH ILQG D WKHRUHWLFDO OLPLW WR FHOO VL]H UDGLXV UHGXFWLRQ LQ FHOOXODU ZLUHOHVV V\VWHPV
ZKLFK LV IRXQGHG RQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ DQG LQIUDVWUXFWXUH FRVW RI WKH FHOOXODU
V\VWHP
7KH UHPDLQGHU RI WKH &KDSWHU LV RUJDQL]HG DV IROORZV $ JHQHUDO EDFNJURXQG IRU WKH
VWXG\ LV ILUVW SUHVHQWHG LQ &KDSWHU  LQFOXGLQJ DQ H[SRVp RI ZLUHOHVV FRPPXQLFDWLRQ DQG
D EULHI KLVWRU\ RI WKH GHYHORSPHQW RI ZLUHOHVV FRPPXQLFDWLRQV &KDSWHU  IRFXV RQ WKH
IXWXUH DQG IXWXUH GHYHORSPHQW RI ZLUHOHVV FRPPXQLFDWLRQV $ GLVFXVVLRQ RQ WKH SRVVLEOH
OLPLWDWLRQV ZKLFK ZLOO KDPSHU WKH LPSOHPHQWDWLRQ RI WKH ZLUHOHVV IXWXUH GHYHORSPHQW LV
SUHVHQWHG LQ &KDSWHU  &KDSWHU  H[SODLQV PRWLYDWLRQV WKDW OHG WR WKLV ZRUN DW D KLJK
OHYHO DQG VWDWHV WKH WKHVLV FRQWULEXWLRQ WR WKH ERG\ RI NQRZOHGJH )LQDOO\ &KDSWHU 
SURYLGHV DQ RXWOLQH RI WKH WKHVLV
 :LUHOHVV &RPPXQLFDWLRQ
7KH WUDQVIHU RI LQIRUPDWLRQ RYHU D GLVWDQFHZLWKRXW WKH XVH RI HOHFWULFDO FRQGXFWRUV RU ZLUHV
:LUHOHVV &RPPXQLFDWLRQV SDYHG WKH ZD\ LQ EUHDNLQJ WKH ORFDWLRQ EDUULHU LQ WHOHFRP
PXQLFDWLRQV 7R EUHDN WKLV EDUULHU LQIRUPDWLRQ KDV WR EH WUDQVPLWWHG WKURXJK DQ DQWHQQD
ZKLFK FRQYHUWV D UDGLR IUHTXHQF\ 5) VLJQDO LQWR DQ HOHFWURPDJQHWLF ZDYH 7KLV HOHFWUR
PDJQHWLF ZDYH LV LQWHUFHSWHG E\ D UHFHLYLQJ DQWHQQD ZKLFK FRQYHUWV LW EDFN WR D 5)

:LUHOHVV &RPPXQLFDWLRQ
)LJXUH  $ EDVLF ZLUHOHVV FRPPXQLFDWLRQ V\VWHP VKRZLQJ D WUDQVPLWWHU DQG D UHFHLYHU
VLJQDO 7KH RULJLQDO LQIRUPDWLRQ UHFHLYHG E\ WKH DQWHQQD LV WKHQ GHPRGXODWHG EDFN WR LWV
RULJLQDO IRUP 7KH UHFHLYHG 5) VLJQDO LV LGHDOO\ VXSSRVHG WR EH WKH VDPH DV RULJLQDOO\
JHQHUDWHG E\ WKH WUDQVPLWWHU +RZHYHU WKH UHFHLYHG 5) VLJQDO LV XVXDOO\ GHJUDGHG GXH WR
HQYLURQPHQWDO FRQGLWLRQV RU LQWHUIHUHQFH IURP RWKHU HOHFWURPDJQHWLF VRXUFHV WKXV PDNLQJ
LQWHUIHUHQFH RQH RI WKH WHFKQLFDO FKDOOHQJHV LQ DGYDQFLQJ WKH IXWXUH RI ZLUHOHVV FRPPX
QLFDWLRQV ,W LV WKHUHIRUH LPSRUWDQW WR VWXG\ WKH HIIHFW RI LQWHUIHUHQFH RQ WKH LQIRUPDWLRQ
FDSDFLW\ RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DQG
VPDOOHU FHOO VL]H UDGLXV 7KLV VWXG\ LV RQH RI WKH JRDOV RI WKLV WKHVLV )RU WKH SXUSRVH RI
WKLV WKHVLV D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV VKRZQ LQ )LJXUH  $ EULHI GHVFULSWLRQ
RI KRZ DQ HOHFWURPDJQHWLF ZDYH LV JHQHUDWHG DQG KRZ LQWHUIHUHQFH DIIHFWV UHFHSWLRQ RI
WKH EHVW SRVVLEOH 5) VLJQDO IURP D VRXUFH LV JLYHQ LQ WKH IROORZLQJ VHFWLRQ
 (OHFWURPDJQHWLF :DYHV 3URSDJDWLRQ DQG ,QWHUIHUHQFH
7R JHQHUDWH DQ HOHFWURPDJQHWLF ZDYH DQ HOHFWULFDO VLJQDO ZKLFK FRQWLQXDOO\ YDULHV LQ
SRZHU OHYHO DQG FKDQJHV LQ SRODULW\ LV DSSOLHG WR DQ DQWHQQD 7KH FRQWLQXRXV YDULDWLRQ
LQ SRZHU OHYHO DQG FKDQJH LQ SRODULW\ FDXVHV WKH HQHUJ\ LQ WKH HOHFWULFDO VLJQDO WR EH FRQ
YHUWHG LQWR HOHFWURPDJQHWLF ZDYHV 7KH HOHFWURPDJQHWLF ZDYH WKHQ UDGLDWH DZD\ IURP WKH
DQWHQQD DQG SURSDJDWH LQWR IUHH VSDFH )UHH VSDFH LV EDVLFDOO\ WKH WUDQVPLVVLRQ PHGLXP IRU

:LUHOHVV &RPPXQLFDWLRQ
HOHFWURPDJQHWLF ZDYHV (OHFWURPDJQHWLF ZDYHV DUH FKDUDFWHUL]HG E\ WKHLU UDGLR IUHTXHQF\
SRZHU 5) SRZHU H[SUHVVHG LQ >:@ RU >G%P@ 7KH >G%P@ LV WKH SRZHU UDWLR LQ GHFLEHOV
RI WKH PHDVXUHG SRZHU ZLWK UHIHUHQFH WR  P: 7KH IUHTXHQF\ RU F\FOHV SHU VHFRQG LV
XVXDOO\ H[SUHVVHG LQ +HUW] +]
,Q JHQHUDO LQWHUIHUHQFH RFFXUV ZKHQ FRUUHODWHG RU FRKHUHQW UDGLDWHG HOHFWURPDJ
QHWLF ZDYHV VXSHULPSRVH RQ HDFK RWKHU WR IRUP D UHVXOWDQW ZDYH RI JUHDWHU RU ORZHU DP
SOLWXGH ,Q ZLUHOHVV FRPPXQLFDWLRQ WKLV LQWHUIHUHQFH DOWHUV PRGLILHV RU GLVUXSWV D VLJQDO
DV LW WUDYHOV DORQJ D FKDQQHO EHWZHHQ D VRXUFH DQG D UHFHLYHU ,QWHUIHUHQFHV VXFK DV UDGLR
IUHTXHQF\ LQWHUIHUHQFH 5), FRFKDQQHO LQWHUIHUHQFH &&, DQG DGMDFHQW FKDQQHO LQWHU
IHUHQFH $&, DIIHFW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D ZLUHOHVV QHWZRUN 7KLV
WKHVLV IRFXVHV RQ FRFKDQQHO LQWHUIHUHQFH LQ FHOOXODU ZLUHOHVV QHWZRUNV 7KH QH[W VHFWLRQ
SUHVHQWV D EULHI KLVWRULFDO GHYHORSPHQW RI ZLUHOHVV FRPPXQLFDWLRQ DQG WKH FRQFHSW RI FR
FKDQQHO LQWHUIHUHQFH
 +LVWRU\ RI &HOOXODU :LUHOHVV &RPPXQLFDWLRQV DQG ,QIOXHQFH RI
&RFKDQQHO ,QWHUIHUHQFH
7KH HYROXWLRQ RI ZLUHOHVV FRPPXQLFDWLRQV GDWHV EDFN WR  -DPHV %RZPDQ /LQGVD\
JDYH D FODVVURRP GHPRQVWUDWLRQ RI DQ 8OWUD +LJK )UHTXHQF\ 8+) ZLUHOHVV WHOHJUDSK\
RSHUDWLRQ WR KLV VWXGHQWV LQ 'XQGHH )ROORZHG E\ -DPHV &OHUN 0D[ZHOO XVLQJ WKH FRQ
FHSW RI PDJQHWLF LQGXFWLRQ LQWURGXFHG E\ 0LFKDHO )DUDGD\ WR HVWDEOLVK HTXDWLRQV 7KHVH
HTXDWLRQV IRUPHG WKH EDVLV IRU H[SODLQLQJ HOHFWURPDJQHWLF ZDYH SURSDJDWLRQ +RZHYHU
0D[ZHOO¶V HTXDWLRQV GLG QRW VKRZ KRZ HOHFWURPDJQHWLF ZDYHV FRXOG EH JHQHUDWHG DQG
GHWHFWHG SUDFWLFDOO\
+HLQULFK +HUW] LQ    GHPRQVWUDWHG KRZ WR JHQHUDWH DQG GHWHFW HOHFWUR
PDJQHWLF ZDYHV XVLQJ VSDUN JHQHUDWRUV GLSROH WUDQVPLWWLQJ DQG ORRS UHFHLYLQJ DQWHQQDV
+RZHYHU WKH GLVWDQFH FRYHUHG ZDV MXVW D IHZ PHWUHV > @ ,Q  (GRXDUG %UDQO\
GHYHORSHG WKH FRKHUHU D PRUH VHQVLWLYH GHWHFWRU ZKLFK LQFUHDVHG WKH GLVWDQFH DW ZKLFK
JHQHUDWHG HOHFWURPDJQHWLF ZDYHV FDQ EH GHWHFWHG /DWHU 6LU 2OLYHU /RGJH LPSURYHG XSRQ
WKH FRKHUHU GHYHORSHG E\ (GRXDUG %UDQO\
1LFROD 7HVOD LQ  GHPRQVWUDWH WKH WUDQVPLVVLRQ RI HOHFWULFDO HQHUJ\ LQ IUHH

:LUHOHVV &RPPXQLFDWLRQ
VSDFH WR WKH $PHULFDQ ,QVWLWXWH RI (OHFWULFDO (QJLQHHUV 7KLV ODWWHU HDUQHG 1LFROD WKH WLWOH
³)DWKHU RI WKH ZLUHOHVV´ ,Q  *XJOLHOPR 0DUFRQL GHPRQVWUDWHG ZLUHOHVV WHOHJUDSK WR
WKH (QJOLVK WHOHJUDSK RIILFH 7KH \HDU  VDZ ³7KH %LUWK RI 5DGLR´ ZKHQ ³0DUFRQL
6WDWLRQ´ HVWDEOLVKHG RQ 1HHGOHVV ,VODQG FRPPXQLFDWHG ZLWK (QJOLVK FRDVW ,Q  WRR
D ZLUHOHVV WUDQVPLVVLRQ UHFRUGHG E\ WKH %ULWLVK 3RVW 2IILFH UHDFKHG  NP LQ WKH %ULVWRO
&KDQQHO >@ ,Q  D VLJQDO FURVVHG WKH (QJOLVK &KDQQHO DQG LQ  0DUFRQL VXFFHVV
IXOO\ VHQW ZLUHOHVV PHVVDJH DFURVV WKH $WODQWLF 2FHDQ IURP 3ROGKX LQ (QJODQG WR 6LJQDO
+LOO LQ 1HZIRXQGODQG >@ DQG  ZDV ZKHQ WKH ILUVW ELGLUHFWLRQDO ZLUHOHVV FRPPX
QLFDWLRQ DFURVV WKH $WODQWLF WRRN SODFH 'XULQJ WKLV SHULRG RI HYROXWLRQ LQWHUIHUHQFH ZDV
QRW PXFK RI D SUREOHP DV WKH UDGLR VSHFWUXP ZDV QRW FURZGHG
7KH ILUVW YRLFH RYHU ZLUHOHVV WUDQVPLVVLRQ RFFXUUHG LQ  +RZHYHU WKH SXE
OLF KDG WR ZDLW XQWLO  ZKHQ $7 	 7 LQDXJXUDWHG WKH ILUVW SXEOLF PRELOH WHOHSKRQH
VHUYLFH LQ 6W /RXLV $7 	 7 FRQQHFWHG PRELOH XVHUV WR WKH 3XEOLF 6ZLWFKHG 7HOHSKRQH
1HWZRUN 3671 $IWHU WKH LQDXJXUDWLRQ WKH QXPEHU RI PRELOH SKRQH VHUYLFH SURYLGHUV
DQG XVHUV EHJLQ WR LQFUHDVH WKH EORFN RI IUHTXHQF\ VSHFWUXP DOORFDWHG WR VHUYLFH SURYLGHUV
ZDV OLPLWHG $V WKH QXPEHU RI PRELOH XVHUV EHJLQ WR LQFUHDVH WKHUH ZDV D QHHG WR PHHW
WKH GHPDQG RI D ODUJHU VXEVFULEHU FDSDFLW\ 0HHWLQJ WKLV GHPDQG OHG WR WKH HYROXWLRQ RI
WKH FHOOXODU FRQFHSW
$ FHOOXODU V\VWHP RSHUDWHV ZLWKLQ D OLPLWHG EORFN RI IUHTXHQF\ VSHFWUXP WR PHHW
DQ REMHFWLYH RI SURYLGLQJ DQ LQFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ 7KH FHOOXODU FRQFHSW HQWDLOV
WKH UHXVH RI UDGLR FKDQQHOV RQ WKH VDPH FDUULHU IUHTXHQF\ WR FRYHU GLIIHUHQW DUHDV 7KHVH
DUHDV DUH VHSDUDWHG IURP HDFK RWKHU E\ VXIILFLHQW GLVWDQFH WR DYRLGPLQLPLVH FRFKDQQHO
LQWHUIHUHQFH $V WKH QXPEHU RI PRELOH XVHUV FRQWLQXHV WR JURZ VHUYLFH SURYLGHUV ZHUH
IRUFHG WR SXW XS PRUH FHOOXODU WRZHUV 7KH SXWWLQJ XS RI PRUH FHOOXODU WRZHUV LQFUHDVHG WKH
SUREOHP RI LQWHUIHUHQFH LQ ZLUHOHVV FRPPXQLFDWLRQV ZKLFK QHJDWLYHO\ DIIHFWV WKH LQFUHDVH
LQ LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV V\VWHP
7KH FRQWLQXRXV LQFUHDVH RI PRELOH XVHUV OHG WR WKH GHSOR\PHQW RI WKH ILUVW JHQHU
DWLRQ RI PRELOH V\VWHPV * LQ WKH ¶V /LNH ZKDW KDSSHQHG WR ZLUHOLQH FDSDFLW\ LQ
WKH ¶V WKH GHPDQG IRU QHZ ZLUHOHVV LQIRUPDWLRQ FDSDFLW\ NHSW JURZLQJ DW D IDVW SDFH
+RZHYHU WKH FRQYHQWLRQDO UHVRXUFHV WKDW KDYH EHHQ XVHG WR DGG FDSDFLW\ WR ZLUHOHVV V\V
WHPV DUH UDGLR EDQGZLGWK DQG WUDQVPLWWHU SRZHU 7KHVH UHVRXUFHV DUH OLPLWHG KHQFH WKH\

3RVVLEOH )XWXUH 'HYHORSPHQW 'LUHFWLRQ RI &HOOXODU :LUHOHVV &RPPXQLFDWLRQV
DUH QRW JURZLQJ DW WKH UDWHV WKDW FDQ VXSSRUW WKH LQFUHDVHG GHPDQGV IRU ZLUHOHVV LQIRUPD
WLRQ FDSDFLW\ 7KLV KDV GULYHQ PRVW UHVHDUFK LQ ZLUHOHVV FRPPXQLFDWLRQV WRZDUGV ILQGLQJ
DOWHUQDWLYH ZD\V RI LQFUHDVLQJ WKH ZLUHOHVV LQIRUPDWLRQ FDSDFLW\ 6RPH RI WKLV UHVHDUFK
LQFOXGHG WKH GHYHORSPHQW RI QHZ ZLUHOHVV LQIRUPDWLRQ FDSDFLW\ WKURXJK WKH XVH RI JUHDWHU
LQWHOOLJHQFH LQ ZLUHOHVV QHWZRUNV > @ 7KH GHSOR\PHQW RI KLJKHU PLFURZDYH FDUULHU
IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV >±@
7KHVH UHVHDUFKHV KDYH OHG WR VXEVHTXHQW JHQHUDWLRQ RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV
VXFK DV * * DQG * > @
+RZHYHU DW KLJKHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV LQWHUIHUHQFH EHFRPHV D
SUREOHP LQ FHOOXODU V\VWHP >@ 7KHUH LV QR OLPLW WR KRZ VPDOO D FHOO VL]H PXVW EH WR DFKLHYH
LQIRUPDWLRQ FDSDFLW\ LQFUHDVH /LNHZLVH H[LVWLQJ LQWHUIHUHQFH PRGHOV ZHUH IRXQGHG RQ
ORZHU FDUULHU IUHTXHQFLHV DQG ODJHU FHOO VL]H UDGLXV WKHUHIRUH WKH GLUHFWLRQ RI WKLV WKHVLV
 3RVVLEOH )XWXUH'HYHORSPHQW'LUHFWLRQ RI&HOOXODU:LUH
OHVV &RPPXQLFDWLRQV
7KH LQWURGXFWLRQ RI FHOOXODU ZLUHOHVV DQG FRUGOHVV WHOHSKRQH V\VWHPV LQ WKH HDUO\ V
FDXVHG ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DQG VHUYLFHV WR XQGHUJR D UHPDUNDEOH GHYHORS
PHQW DQG JURZWK >@ 7KH QHHG WR RSHUDWH DQG LQFUHDVH WKH LQIRUPDWLRQ FDSDFLW\ RI ZLUH
OHVV QHWZRUNV LQGHILQLWHO\ ZLWKLQ DQ DOORFDWLRQ RI KXQGUHGV RI IUHTXHQF\ FKDQQHOV KDV EHHQ
WKH SULPDU\ GULYLQJ IRUFH EHKLQG WKH HYROXWLRQ RI WKH FHOOXODU FRQFHSW 7KH IXWXUH GHYHORS
PHQW RI ZLUHOHVV FRPPXQLFDWLRQ SURYLGLQJ IDVWHU KLJKVSHHG KLJKTXDOLW\ DQG UHDO WLPH
LQIRUPDWLRQ H[FKDQJH EHWZHHQ WZR SRUWDEOH GHYLFHV ORFDWHG DQ\ZKHUH LQ WKH ZRUOG LV QRZ
WKH FRPPXQLFDWLRQV IURQWLHU RI WKH VW FHQWXU\ >@
7KH SRSXODULW\ RI ZLUHOHVV V\VWHPV VXFK DV FRUGOHVV SKRQHV FHOOXODU WHOHSKRQHV
UDGLR SDJLQJ VDWHOOLWH QHWZRUNV DQG VHQVRU QHWZRUNVZLUHOHVV ORFDO DUHD QHWZRUNV :/$1V
GHPRQVWUDWHV D JUHDW GHPDQG IRU VXFK VHUYLFHV DQG DOO WKH FRPSRQHQWV RI WKH IXWXUH GH
YHORSPHQW RI ZLUHOHVV /LNHZLVH ZLUHOHVV DSSOLFDWLRQV VXFK DV YRLFH LQWHUQHW DFFHVV
GLVWULEXWHG FRQWURO DGKRF ZLUHOHVV QHWZRUNV ZLGH DUHD ZLUHOHVV GDWD V\VWHPV DQG PXOWL
PHGLD )LJXUH  LOOXVWUDWHV WKH SRVVLEOH IXWXUH GHYHORSPHQW RI ZLUHOHVV FRPPXQLFDWLRQ

3RVVLEOH )XWXUH 'HYHORSPHQW 'LUHFWLRQ RI &HOOXODU :LUHOHVV &RPPXQLFDWLRQV
)LJXUH  7KH IXWXUH GHYHORSPHQW IRU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV >@
V\VWHPV ,QWHUQHWZRUNLQJ LV DFKLHYHG YLD D ZLUHOHVV JDWHZD\ DQG D KLJKVSHHG ILEUH EDFN
ERQH ZKLFK LV WKHQ FRQQHFWHG WR H[LVWLQJ FHOOXODU ZLUHOHVV V\VWHPV
'XULQJ WKH ODVW GHFDGH LW KDV HPHUJHG IURP ZLUHOHVV FRPPXQLFDWLRQ UHVHDUFK DQG
GHYHORSPHQW DFWLYLWLHV WKDW WKH ZLUHOHVV IXWXUH LV EDVHG RQ WKUHH WUHQGV D EURDGHU UDQJH
RI ZLUHOHVV FRPPXQLFDWLRQ SURGXFWV KLJK GDWDUDWH ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DQG
KLJKHU XVHU GHQVLW\ >@ ,W PXVW EH QRWHG WKDW WR DWWDLQ KLJK GDWDUDWHV LQ ZLUHOHVV FRP
PXQLFDWLRQ LQWHUIHUHQFH PXVW EH PLQLPDO 7R DFKLHYH WKLV ZLUHOHVV IXWXUH GHYHORSPHQW
WKHUH LV D QHHG WR XWLOL]H WKH OLPLWHG UDGLR VSHFWUXP HIILFLHQWO\ ,Q WKH TXHVW WR XWLOL]H WKH
UDGLR VSHFWUXP HIILFLHQWO\ FHOO VL]H UDGLL DUH WR EH VPDOOHU DQG IUHTXHQF\ RI RSHUDWLRQ DUH
WR EH KLJKHU > @
+RZHYHU DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV WKHUH LV D SURE
OHP RI FRFKDQQHO LQWHUIHUHQFH 7KLV LQWHUIHUHQFH SUREOHP PRWLYDWHV DQG GHWHUPLQHV WKH
GLUHFWLRQ RI WKH UHVHDUFK LQ WKH WKHVLV 7KH QH[W VHFWLRQ JLYHV DQ RYHUYLHZ RI WKH WHFKQLFDO
LVVXHV LQYROYHG LQ WKH LPSOHPHQWDWLRQ RI WKH IXWXUH GHYHORSPHQW RI ZLUHOHVV FRPPXQL
FDWLRQ $ QXPEHU RI WKHVH LVVXHV ZLOO EH H[DPLQHG LQ WKH WKHVLV FKDSWHUV 1HZ PHWKRGV
DUH SURSRVHG WR HYDOXDWH DQG DSSURDFK WKHP DQG FRPSDUH WKHVH QHZ PHWKRGV ZLWK RWKHU
H[LVWLQJ WHFKQLTXHV WKDW DUH FXUUHQWO\ EHLQJ LPSOHPHQWHG RU VXJJHVWHG LQ OLWHUDWXUHV

7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ
)LJXUH  6RPH WHFKQLFDO FKDOOHQJHV WR EH DGGUHVVHG LQ LPSOHPHQWLQJ WKH IXWXUH ZLUHOHVV
FRPPXQLFDWLRQ V\VWHPV
 ,QWHUIHUHQFH  UHODWHG WR WKLV WKHVLV
 )UHTXHQF\ RI RSHUDWLRQ  UHODWHG WR WKLV WKHVLV
 6SHFWUXP XVDJH DQG HIILFLHQF\  UHODWHG WR WKLV WKHVLV
 7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV
&RPPXQLFDWLRQ
7HFKQLFDO LVVXHV UHODWHG WR ZLUHOHVV FRPPXQLFDWLRQ IXWXUH FRYHU OLPLWDWLRQV ZKLFK DULVH
IURP WKH WHFKQRORJ\ FKRVHQ IRU WKH ZLUHOHVV V\VWHP LPSOHPHQWDWLRQ 7KHVH WHFKQLFDO FKDO
OHQJHV QHHG WR EH FRQVLGHUHG LQ WKH PRGHOOLQJ DQG GHVLJQ RI ZLUHOHVV FRPPXQLFDWLRQ V\V
WHPV WR HQDEOH LWV LPSOHPHQWDWLRQ QRWDEO\
 6SHFWUXP OLPLWDWLRQV LQ ZLUHOHVV FRPPXQLFDWLRQV
 (QHUJ\ OLPLWDWLRQV RI SHUVRQDO PRELOH GHYLFH
 ,QWHUIHUHQFH LQ ZLUHOHVV FRPPXQLFDWLRQV
 0XOWLSDWK VLJQDO SURSDJDWLRQ LQ ZLUHOHVV FRPPXQLFDWLRQ
 8VHU PRELOLW\ ZLWKLQ D FHOO
7KLV WKHVLV ZLOO IRFXV PRUH RQ LQWHUIHUHQFH PRGHOOLQJ $ WDEOH UHSUHVHQWDWLRQ RI VRPH RI
WKH WHFKQLFDO FKDOOHQJHV ZKLFK QHHG WR EH DGGUHVVHG LV JLYHQ LQ )LJXUH  7KH ILJXUH
DOVR VKRZV WKH WKUHH WHFKQLFDO FKDOOHQJHV ZKLFK DUH UHODWHG WR WKLV WKHVLV ,W LV QHFHVVDU\ WR

7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ
XQGHUVWDQG WKH IXQGDPHQWDO WHFKQLFDO LVVXHV IRU GHWHUPLQLQJ WKH IHDVLELOLW\ RI D JLYHQZLUH
OHVV WHFKQRORJ\ ZLWK UHVSHFW WR WKH DEVROXWH SK\VLFDO FRPPXQLFDWLRQ OLPLWV 7KH ZLUHOHVV
FRPPXQLFDWLRQ FKDQQHO LV VXVFHSWLEOH WR QRLVH LQWHUIHUHQFH PXOWLSDWK VLJQDO SURSDJD
WLRQ DQG XVHU¶V PRYHPHQW ZKLFK FDXVHV WKH ZLUHOHVV FRPPXQLFDWLRQ FKDQQHO WR FKDQJH
RYHU WLPH LQ DQ XQSUHGLFWDEOH PDQQHU >@ :LUHOHVV PRELOH PXOWLPHGLD FRPPXQLFDWLRQ
KDV FDSWXUHG WKH DWWHQWLRQ RI WKH PHGLD DQG WKH LPDJLQDWLRQ RI WKH SXEOLF ,W LV EHFDXVH
ZLUHOHVV FRPPXQLFDWLRQ DOORZV FRQQHFWLYLW\ EHWZHHQ XVHUV ZLWKRXW VDFULILFLQJ PRELOLW\
+RZHYHU LW LV IXQGDPHQWDOO\ OLPLWHG E\ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH ZLUHOHVV FRPPX
QLFDWLRQV FKDQQHO ,W PXVW EH QRWHG WKDW LQWHUIHUHQFH OLPLWV WKH LQIRUPDWLRQ FDSDFLW\ PRUH
WKDQ DQ\ RWKHU VLQJOH HIIHFW >@ 0RGHOOLQJ LQWHUIHUHQFH DFFXUDWHO\ LV WKHUHIRUH LPSRUWDQW
IRU WKH VXFFHVVIXO LPSOHPHQWDWLRQ RI WKH ZLUHOHVV IXWXUH GHYHORSPHQW ZKLFK LV SDUW RI WKH
IRFXV RI WKLV WKHVLV 7KH ZLUHOHVV FRPPXQLFDWLRQ QHWZRUN LQIRUPDWLRQ FDSDFLW\ LV GHILQHG
DV WKH KLJKHVW GDWD UDWH ELW DW ZKLFK LQIRUPDWLRQ FDQ EH VHQW RYHU WKH ZLUHOHVV FRPPXQL
FDWLRQ QHWZRUN ZLWK D QHJOLJLEOH SUREDELOLW\ RI HUURU $ ZLUHOHVV FRPPXQLFDWLRQ FKDQQHO
LV LOOXVWUDWHG LQ )LJXUH  VKRZLQJ QRLVH LQWHUIHUHQFH DQG PXOWLSDWK VLJQDO SURSDJDWLRQ
0XOWLSDWK VLJQDO SURSDJDWLRQ RFFXUV ZKHQ D UDGLR VLJQDO WUDQVPLWWHG IURP D IL[HG
VRXUFH WR D PRELOH VWDWLRQ 06 H[SHULHQFHV YDULDWLRQ LQ DPSOLWXGH DQG SKDVH 7KH YDUL
DWLRQ DULVHV ZKHQ WKH WUDQVPLWWHG VLJQDO LV UHIOHFWHG GLIIUDFWHG RU VFDWWHUHG E\ REMHFWV
7KHVH UHIOHFWHG GLIIUDFWHG RU VFDWWHUHG VLJQDOV FUHDWH DGGLWLRQDO FRSLHV RI WKH WUDQVPLWWHG
VLJQDO 7KH DGGLWLRQDO FRSLHV RI WKH VLJQDO FDQ EH DWWHQXDWHG LQ SRZHU GHOD\HG LQ WLPH
DQG VKLIWHG LQ FDUULHU SKDVH DQGRU FDUULHU IUHTXHQF\ IURP WKH OLQHRIVLJKW /26 VLJQDO
SDWK 7KH /26 VLJQDO SDWK LV WKH VWUDLJKW OLQH SDWK EHWZHHQ WKH WUDQVPLWWHU DQG UHFHLYHU
0XOWLSDWK VLJQDO SURSDJDWLRQ FDXVHV WKH UHFHLYHG VLJQDO DPSOLWXGH WR YDU\ 7KH WLPH GHOD\
RI HDFK SDWK FDXVHV LQWHUV\PERO LQWHUIHUHQFH
3RZHU DQG VL]H RI ZLUHOHVV PRELOH PXOWLPHGLD FRPPXQLFDWLRQ DQG FRPSXWLQJ GH
YLFHV SUHVHQW DQRWKHU OLPLWDWLRQ XQOLNH YHKLFXODU ZLUHOHVV FRPPXQLFDWLRQ GHYLFHV ZKLFK
KDYH RQO\ VRPH SRZHU RU VL]H OLPLWDWLRQV )RU SHUVRQDO ZLUHOHVV FRPPXQLFDWLRQ GHYLFHV
WKH\ DUH PHDQW WR EH FDUULHG LQ ZDOOHW RU SRFNHW 7KHVH GHYLFHV QHHG WR EH VPDOO DQG
OLJKWZHLJKW ZKLFK WUDQVODWHV WR UHTXLUHPHQW RI ORZ SRZHU EHFDXVH VPDOO EDWWHULHV PXVW
EH XVHG 7KH LQIRUPDWLRQ FDSDFLW\ RI WKH ZLUHOHVV FRPPXQLFDWLRQ FKDQQHO LV GHWHUPLQHG

7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ
)LJXUH  $ ZLUHOHVV FRPPXQLFDWLRQ FKDQQHO VKRZLQJ D GLUHFW VLJQDO SDWK DQG PXOWLSOH
VLJQDO SDWK SURSDJDWLRQ IURP D WUDQVPLWWHU WR D UHFHLYHU
E\ WKH FKDQQHO LQIRUPDWLRQ WUDQVPLVVLRQ UHVRXUFHV ZKLFK LQFOXGHV WLPH EDQGZLGWK DQG
SRZHU VLJQDOWRQRLVH UDWLR >@
7UDQVPLWWLQJ PRUH SRZHU WR LQFUHDVH WKH FKDQQHO FDSDFLW\ RU GDWD UDWH RI WKH ZLUH
OHVV FRPPXQLFDWLRQ V\VWHP LV FRVWO\ EHFDXVH RI WKH ORJDULWKPLF UHODWLRQVKLS EHWZHHQ WKH
FKDQQHO FDSDFLW\ RI WKH ZLUHOHVV FRPPXQLFDWLRQ OLQN DQG WKH VLJQDOWRQRLVH UDWLR 615
DW WKH UHFHLYHU 7KLV ORJDULWKPLF UHODWLRQVKLS ZDV ILUVW GHYHORSHG E\ 6KDQQRQ LQ KLV ODQG
PDUN  SDSHU ³PDWKHPDWLFDO WKHRU\ RI FRPPXQLFDWLRQV´ >@ %\ 6KDQQRQ¶V UHVXOW
WKH FKDQQHO FDSDFLW\ LV JLYHQ E\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
ZKHUH % LV WKH VLJQDO EDQGZLGWK 6 WKH VLJQDO SRZHU DQG 1 WKH QRLVH 7KH UDWLR 61 LV
WKH VLJQDOWRQRLVH UDWLR 615 7KXV DV\PSWRWLFDOO\ HUURUIUHH FRPPXQLFDWLRQ DW LQIRU
PDWLRQ UDWHV EHORZ ORJ  615 DUH SRVVLEOH ZKLOH WUDQVPLVVLRQ DW DQ\ UDWH ODUJHU WKDQ
ORJ  615 LV JXDUDQWHHG WR KDYH HUURUV
$QRWKHU HIIHFWLYH PHWKRG IRU LQFUHDVLQJ GDWD UDWH LQ ZLUHOHVV V\VWHPV LV WR LQFUHDVH
WKH VLJQDO EDQGZLGWK LQ DGGLWLRQ WR WKH WUDQVPLWWHG SRZHU +RZHYHU WKH UDGLR VSHFWUXP
DYDLODEOH IRU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV LV H[SHQVLYH DQG OLPLWHG >@ ,W LV WKHUH
IRUH UHJXODWHG E\ JRYHUQPHQW DXWKRULWLHV DQG ZLUHOHVV FRPPXQLFDWLRQ VWDQGDUGL]LQJ

7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ
)LJXUH  :LUHOHVV FRPPXQLFDWLRQV UDGLR VSHFWUXP DOORFDWLRQ DQG GHVFULSWLRQ RI WKH
IUHTXHQF\ EDQGV RI LQWHUHVW IRU WKH SXUSRVH RI ZLUHOHVV FRPPXQLFDWLRQV
 &RQYHQWLRQDO IUHTXHQF\ IRU ZLUHOHVV V\VWHPV
 (PHUJLQJ DQG H[SHFWHG IUHTXHQF\ IRU IXWXUH ZLUHOHVV V\VWHPV
RUJDQL]DWLRQV >@ 7KH DOORFDWLRQ DQG DSSOLFDWLRQ RI WKH YDULRXV VSHFWUXP EDQG LV LOOXV
WUDWHG LQ )LJXUH  7KH GHVFULSWLRQ RI WKH EDQGZLGWK DQG ZDYHOHQJWK DUH VSHFLILHG LQ
+HUW] DQG PHWHUV UHVSHFWLYHO\ 7KH ILJXUH DOVR VKRZV WKH 8+) DQG 6+) EDQG RI LQWHU
HVW IRU WKH SXUSRVH RI ZLUHOHVV FRPPXQLFDWLRQV 7KH 8+) EDQG LV XVHG IRU FRQYHQWLRQDO
ZLUHOHVV V\VWHP DQG WKH 6+) EDQG LV H[SHFWHG WR EH XVHG IRU SRVVLEOH IXWXUH ZLUHOHVV GH
YHORSPHQW WR DFKLHYH KLJKHU LQIRUPDWLRQ FDSDFLW\
$V WKH UDGLR VSHFWUXP LV OLPLWHG HIILFLHQW XWLOL]DWLRQ RI WKH UDGLR VSHFWUXP LV LPSRU
WDQW LQ WKH GHVLJQ RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHP :LWK WKH UHFHQW LQFUHDVH LQ VSHFWUXP
DOORFDWLRQ IRU ZLUHOHVV DSSOLFDWLRQV 7KH UDGLR VSHFWUXP KDV EHHQ VWUHWFKHG WR LWV FDSDFLW\
WR DFFRPPRGDWH WKH YDULRXV ZLUHOHVV VHUYLFHV WKDW LV LW KDV EHFRPH FRQJHVWHG ,Q RU
GHU WR LQFUHDVH WKH LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU V\VWHPV DQG WKH DVVRFLDWHG FRQJHVWLRQ
RI UDGLR VSHFWUXP HVSHFLDOO\ WKH 8+) EDQG ZKHUH SURSDJDWLRQ FRQGLWLRQV IRU FRQYHQ
WLRQDO FHOOXODU V\VWHP DUH IDYRUDEOH FDUULHU IUHTXHQFLHV IRU HPHUJLQJ FHOOXODU V\VWHP DUH
H[FHSWHG WR EH VKLIWHG WR WKH 6+) EDQG +RZHYHU LQ WKH 6+) EDQG KLJKHU FDUULHU IUH
TXHQF\ VLJQDO SURSDJDWLRQ FRQGLWLRQV DUH GLIIHUHQW IURP WKDW RI WKH 8+) EDQG $W WKH

7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ
6+) EDQG VLJQDO SURSDJDWLRQ DUH GLIIHUHQW IURP WKDW RI WKH 8+) EDQG EHFDXVH L DW 6+)
EDQG VLJQDOV WUDYHOV VKRUWHU GLVWDQFHV DV FRPSDUHG WR WKRVH RI WKH 8+) EDQG WKHUHIRUH
FHOOV VL]H UDGLXV QHHGV WR EH VPDOOHU LL 8+) UDGLR ZDYH SURSDJDWHV PDLQO\ E\ /26
ZKLOVW 6+) UDGLR ZDYH SURSDJDWH HQWLUHO\ E\ /26 JURXQGZDYH DQG VN\ZDYH 6+) UDGLR
ZDYH SURSDJDWLRQ LV PRUH YXOQHUDEOH WR WKH QRQOLQHRIVLJKW FRQGLWLRQ >@ ,QWHUIHUHQFH
PRGHOOLQJ IRU WKH 6+) EDQG DUH WKHUHIRUH H[FHSWHG WR EH GLIIHUHQW IURP WKRVH RI WKH FRQ
YHQWLRQDO 8+) EDQG 7KHUHIRUH LQWHUIHUHQFH PRGHOOLQJ IRU WKH 6+) EDQG LV RQH RI WKH
IRFXV IRU WKLV WKHVLV
 6SHFWUDO (IILFLHQF\
7KH VSHFWUDO HIILFLHQF\ RI D ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV GHILQHG DV WKH LQIRUPDWLRQ
UDWH WKDW FDQ EH WUDQVPLWWHG RYHU D JLYHQ EDQGZLGWK LQ D VSHFLILF ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP DQG LW LV PHDVXUHG LQ ELWVV+] 7KH V\VWHP LQIRUPDWLRQ FDSDFLW\ RI D ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP LV GLUHFWO\ UHODWHG WR WKH VSHFWUDO HIILFLHQF\ KHQFH LW LV DQ LPSRUWDQW
SDUDPHWHU WR EH FRQVLGHUHG LQ WKH GHVLJQ RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHP >  @
(IILFLHQW XWLOL]DWLRQ RI WKH FRQJHVWHG UDGLR VSHFWUXP LV SDUWO\ DFKLHYHG E\ WKH FHOOXODU
QHWZRUNV >@ 2WKHU WHFKQLTXHV WR LQFUHDVH VSHFWUDO HIILFLHQF\ LQFOXGH PHWKRGV VXFK DV
FRPELQDWLRQ RI EDQGZLGWK HIILFLHQW FRGLQJPRGXODWLRQ WHFKQLTXHV DW WKH FRPPXQLFDWLRQ
OLQN OHYHO DQG WKH XVH RI VRSKLVWLFDWHG FKDQQHO DOORFDWLRQ VFKHPHV WKDW PLQLPL]H WKH RYHU
DOO FDUULHG WUDIILF DW WKH QHWZRUN RU V\VWHPV OHYHOV >@ 7HFKQLTXHV WR XWLOL]H WKH UDGLR
VSHFWUXP HIILFLHQWO\ DQG HIIHFWLYHO\ VKDUH LW KDYH EHHQ D PDMRU GHVLJQ FRQFHUQ IRU HPHUJ
LQJ ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7KXV ZH KDYH XVHG WKH VSHFWUDO HIILFLHQF\ IRU WKH
LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV LQ WKLV WKHVLV
 ,QWHUIHUHQFH LQ &HOOXODU :LUHOHVV 6\VWHPV
,QWHUIHUHQFH LV WKH PDMRU OLPLWLQJ IDFWRU WKDW DIIHFWV WKH LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU
ZLUHOHVV V\VWHPV LW KDV EHHQ UHFRJQL]HG DV D PDLQ REVWDFOH IRU LQFUHDVLQJ LQIRUPDWLRQ FD
SDFLW\ >   @ %HFDXVH RI WKLV WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI ZLUHOHVV
FRPPXQLFDWLRQ V\VWHPV RSHUDWLQJ XQGHU WKH HIIHFW RI LQWHUIHUHQFH QHHGV WR EH VWXGLHG H[
WHQVLYHO\ >±@ 7KH WZR PDMRU W\SHV RI V\VWHPJHQHUDWHG LQWHUIHUHQFH DUH FRFKDQQHO

7HFKQLFDO ,VVXHV 5HODWHG WR WKH )XWXUH RI :LUHOHVV &RPPXQLFDWLRQ
)LJXUH  &RQYHQWLRQDO FHOOXODU ZLUHOHVV V\VWHP VKRZLQJ D UHIHUHQFH FHOO DQG ILUVW WLHU
FRFKDQQHO FHOOV
 '  UHXVH GLVWDQFH IRU XVLQJ WKH VDPH FDUULHU IUHTXHQF\
 060  GHVLUHG PRELOH VWDWLRQ
 06I  LQWHUIHULQJ PRELOH VWDWLRQ
 %60  UHIHUHQFH FHOO
 $%&'()  ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOO
DQG DGMDFHQW FKDQQHO LQWHUIHUHQFH &RFKDQQHO LQWHUIHUHQFH &&, GRHV RFFXU LQ
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV IRU H[DPSOH ZKHQ D PRELOH VWDWLRQ VLPXOWDQH
RXVO\ UHFHLYHV VLJQDOV IURP EDVH VWDWLRQV %6V¶ ,Q WKLV FDVH RQH FRFKDQQHO IRUZDUG
OLQN LV WKH GHVLUHG VLJQDO DQG WKH RWKHU FRFKDQQHO VLJQDOV DUH UHFHLYHG DV LQWHUIHUHQFH DQG
FRPSRVH WKH WRWDO FRFKDQQHO LQWHUIHUHQFH DW WKH UHFHLYHU $GMDFHQW FKDQQHO LQWHUIHUHQFH
LV FDXVHG E\ SRZHU IURP D VLJQDO LQ DQ DGMDFHQW FKDQQHO $GMDFHQW FKDQQHO LQWHUIHUHQFH
PD\ EH FDXVHG E\ LQDGHTXDWH ILOWHULQJ LPSURSHU WXQLQJ RU SRRU IUHTXHQF\ FRQWURO )LJ
XUH  LOOXVWUDWHV D FRQYHQWLRQDO FHOOXODU ZLUHOHVV V\VWHP OD\RXW ZKHUH $%&' DQG )
DUH FRFKDQQHO FHOOV DQG %60 LV WKH UHIHUHQFH RU GHVLUHG FHOO
1RZ WKHVH SUHFHGLQJ WHFKQLFDO FKDOOHQJHV DQG DVVRFLDWHG ERWWOHQHFNV ZKLFK H[
WHQG DFURVV DOO DVSHFWV RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHP GHVLJQ LQFOXGLQJ QHWZRUN GH

0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV
VLJQ ZLWK FURVVOD\HU SURWRFRO GHVLJQ ZLUHOHVV WHUPLQDO DQG FLUFXLW GHVLJQ ZLWK PLQLPXP
SRZHU FRQVXPSWLRQ DUH FOHDUO\ XQGHVLUDEOH IRU WKH RYHUDOO ZLUHOHVV V\VWHP GHVLJQ
 0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV
7KH GHPDQG IRU KLJKHU GDWD UDWHV LQ ZLUHOHVV QHWZRUNV LV XQUHOHQWLQJ DQG KHQFH KDV WULJ
JHUHG WKH GHVLJQ DQG GHYHORSPHQW RI QRYHO WHFKQLTXHV E\ ZKLFK V\VWHP LQIRUPDWLRQ FD
SDFLW\ FDQ EH LQFUHDVHG DW WKH VDPH WLPH PDLQWDLQLQJ KLJKTXDOLW\ RI VHUYLFH &HOOXODU
V\VWHPV DUH SDUWO\ XVHG LQ ZLUHOHVV FRPPXQLFDWLRQ QHWZRUN WR LQFUHDVH WKH LQIRUPDWLRQ FD
SDFLW\ RI WKH QHWZRUN E\ LQFUHDVLQJ WKH OLPLWHG UDGLR UHVRXUFH XWLOL]DWLRQ 2WKHU PHWKRGV
VXFK DV FRPELQDWLRQ RI EDQGZLGWK HIILFLHQW FRGLQJPRGXODWLRQ WHFKQLTXHV DW WKH FRPPX
QLFDWLRQ OLQN OHYHO DQG WKH XVH RI VRSKLVWLFDWHG FKDQQHO DOORFDWLRQ VFKHPHV DUH DOVR EHLQJ
HPSOR\HG WR LQFUHDVH WKH LQIRUPDWLRQ FDSDFLW\ RI ZLUHOHVV QHWZRUN
7KH FRQWLQXRXV JURZWK LQ ZLUHOHVV FDSDFLW\ KDV OHG WR VKULQNLQJ RI FHOO VL]H UDGLXV
XVDJH RI KLJKHU FDUULHU IUHTXHQFLHV DQG HPSOR\PHQW RI KLJK IUHTXHQF\ UHXVH LQ PRGHUQ
DQG HPHUJLQJ FHOOXODU V\VWHPV > ±@ 0RGHUQ DQG HPHUJLQJ FHOOXODU V\VWHPV DUH
WKHUHIRUH EHFRPLQJ LQFUHDVLQJO\ LQWHUIHUHQFH OLPLWHG DQG LQ WKH FHQWHU RI 7RN\R D UHGXF
WLRQ RI FHOO VL]H UDGLXV WR  P RU OHVV KDV OHG WR D SUREOHP RI FRFKDQQHO LQWHUIHUHQFH >@
6PDOOHU FHOO UDGLXV VL]HV LQFUHDVH WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV V\V
WHP EXW DQ LQFUHDVH LQ FRFKDQQHO LQWHUIHUHQFH PD\ ORZHU WKH LQIRUPDWLRQ FDSDFLW\ LQ
FUHDVH >@ 5DQJHV RI FHOO VL]H IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU V\VWHP KDYH
EHHQ UHSRUWHG LQ >±@ EXW =KRX HW DO LQ >@ KDV VXJJHVWHG WKDW WKH PD\ EH D OLPLW WR FHOO
VL]H UDGLXV UHGXFWLRQ IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ
V\VWHPV +RZHYHU WLOO QRZ WKHUH LV QR TXDQWLI\ WKHRUHWLFDO OLPLW WR FHOO VL]H UDGLXV UHGXF
WLRQ $OVR GHFUHDVLQJ FHOOV VL]H PHDQV PRUH FHOOV DUH UHTXLUHG IRU D JLYHQ FRYHUDJH DUHD
ZKLFK LV DOZD\V H[SHQVLYH EHFDXVH RI FDSLWDO H[SHQGLWXUH DQG RSHUDWLRQDO H[SHQVHV RI WKH
QHWZRUN > @ +RZHYHU WKHUH LV QR FRVW  LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH FULWHULRQ
DQDO\VLV IRU FHOO VL]H UHGXFWLRQ
7KH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW DQG VHFRQG WLHU KDV EHHQ
JLYHQ > @ EXW WKHUH DUH QR H[SODQDWLRQV RU SURRI IRU KRZ WKH\ZHUH GHULYHG &XUUHQWO\
FRQYHQWLRQDO FHOOXODU V\VWHP DQDO\VLV LV EDVHG RQ WKH DVVXPSWLRQ RI ILUVW WLHU FRFKDQQHO

0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV
LQWHUIHUHQFH FHOOV EHLQJ DFWLYH ZLWK RWKHU WLHU FRFKDQQHO LQWHUIHULQJ FHOOV EHLQJ DVVXPHG
WR EH QHJOLJLEOH EHFDXVH RI WKH DVVXPSWLRQ RI D ODUJH EDVLF SDWK ORVV H[SRQHQW ORZHU
PLFURZDYH FDUULHU IUHTXHQF\ DQG ELJJHU FHOO VL]H UDGLXV >@
3UHYLRXV ZRUNV OHDYH XQDQVZHUHG WKH IROORZLQJ IXQGDPHQWDO TXHVWLRQV
 :K\ GRHV FRFKDQQHO LQWHUIHUHQFH EHFRPH D SUREOHP ZKHQ FHOO VL]H UDGLXV JHWV
VPDOOHU LQ FHOOXODU ZLUHOHVV QHWZRUNV"
 $W KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV VPDOO EDVLF SDWK ORVV H[SRQHQW DQG VPDOOHU
FHOO VL]H UDGLXV GRHV RWKHU FRFKDQQHO LQWHUIHUHQFH FHOO RWKHU WKDQ WKH ILUVW WLHU FR
FKDQQHO LQWHUIHULQJ FHOOV EHFRPH DFWLYH"
 +RZ FDQ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV EH\RQG WKH ILUVW WLHU EH FDOFX
ODWHG"
 ,V WKHUH D WKHRUHWLFDO OLPLW WR FHOOV UHGXFWLRQ IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ
FHOOXODU ZLUHOHVV V\VWHP LQ WHUPV RI QHWZRUN LQIUDVWUXFWXUH FRVW"
0RWLYDWHG E\ WKH SUHFHGLQJ TXHVWLRQV WKLV WKHVLV VHHNV WR DGGUHVV DQG ILQG DQVZHUV WR
WKHP
 &RQWULEXWLRQV RI WKH 7KHVLV
7KH PDLQ FRQWULEXWLRQ RI WKLV WKHVLV LV EDVHG RQ WKH NH\ SDSHUV RI WKH DXWKRU >±@
DQG RWKHU VXEPLWWHG ZRUN >@ +RZHYHU HDFK FKDSWHU SURYLGHV D GHWDLOHG VXPPDU\ RI
FRQWULEXWLRQV PDGH ZLWKLQ WKH FKDSWHU $OWKRXJK WKH WKHVLV LV EDVHG RQ WKH NH\ SDSHUV RI
WKH DXWKRU LW DOVR FRQWDLQV VRPH SUHYLRXVO\ SXEOLVKHG DQG XQSXEOLVKHG UHVXOWV 7KH PDLQ
FRQWULEXWLRQ RI WKLV WKHVLV LV VXPPDUL]HG DV IROORZV
 ,W LV VKRZQ JHRPHWULFDOO\ WKDW WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ VXE
VHTXHQW WLHUV RWKHU WKDQ WKRVH LQ WKH ILUVW WLHU LV WKH SURGXFW RI WKH QXPEHU RI FR
FKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU DQG WKH WLHU QXPEHU LUUHVSHFWLYH RI WKH UHSUH
VHQWDWLRQ RI WKH FHOOXODU SDWWHUQ HTXLODWHUDO WULDQJOHV VTXDUHV RU UHJXODU KH[DJRQV

0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV
 $ WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO LV SURSRVHG IRU HPHUJLQJ DQG IXWXUH FHO
OXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 0DWKHPDWLFDO DQDO\VLV VXSSRUWHG E\ FRP
SXWHU VLPXODWLRQ LV XVHG WR VKRZ WKDW DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV VHF
RQG WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPHV DFWLYH DV FHOO VL]H UDGLXV DQG EDVLF SDWK
ORVV H[SRQHQW GHFUHDVH
± 7KLV LV IRXQG E\ FRPSDULQJ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FRQ
YHQWLRQDO FHOOXODU V\VWHP FDUULHU IUHTXHQF\ I c <  *+] DQG FHOO VL]H UDGLL 5
>  NP WR WKDW RI DQ HPHUJLQJ FHOOXODU ZLUHOHVV V\VWHP IUHTXHQFLHV I c > 
*+]    *+] FHOO VL]H UDGLL 5≤  NP 7KH FRPSDULVRQ ZDV GRQH
XVLQJ DQ H[LVWLQJ RQH WLHU LQWHUIHUHQFH PRGHO DQG WKH SURSRVHG WZR WLHU LQWHU
IHUHQFH PRGHO 7KH SHUFHQWDJH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EV+]NP2
EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV DW D FDUULHU IUHTXHQF\ I c  0+] FHOO
VL]H UDGLXV 5   P DQG EDVLF SDWK H[SRQHQW α   ZDV  )RU D FDUULHU
IUHTXHQF\ RI  *+] XQGHU WKH VDPH FHOOXODU ZLUHOHVV V\VWHP FRQGLWLRQV
WKH SHUFHQWDJH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ ZDV  1RWH WKDW α LV
WKH EDVLF SDWK ORVV H[SRQHQW IRU WKH SURSDJDWLRQ ORVV PRGHO
 :H DUJXHG WKDW PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH PD\ EHFRPH DFWLYH 7KHUH
IRUH D PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO ZDV SURSRVHG 0DWKHPDWLFDO
DQDO\VLV VXSSRUWHG E\ FRPSXWHU VLPXODWLRQ LV XVHG WR VKRZ WKDW DW KLJKHU PL
FURZDYH FDUULHU IUHTXHQFLHV DV FHOO VL]H UDGLXV DQG SDWK ORVV H[SRQHQW GHFUHDVHV
QRW RQO\ GRHV WKH VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPH DFWLYH EXW PXOWLSOH
WLHUV RI FRFKDQQHO LQWHUIHUHQFH EHFRPH DFWLYH
± 7KLV LV HVWDEOLVKHG E\ FRPSDULQJ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D
FHOOXODU V\VWHP WKH H[LVWLQJ RQH WLHU LQWHUIHUHQFH PRGHO DQG WKH SURSRVHG PXO
WLSOH WLHU LQWHUIHUHQFH PRGHO $W FDUULHU IUHTXHQF\ I c   0+] FHOO VL]H
UDGLXV 5   DQG EDVLF SDWK ORVV H[SRQHQW α   LW ZDV IRXQG WKDW WKH
SHUFHQWDJH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EV+]NP2 EHWZHHQ WKH WZR
LQWHUIHUHQFH PRGHO ZDV  )RU D FDUULHU IUHTXHQF\ RI  *+] XQGHU
WKH VDPH FHOOXODU ZLUHOHVV V\VWHP FRQGLWLRQV WKH SHUFHQWDJH GHFUHDVH LQ LQIRU
PDWLRQ FDSDFLW\ ZDV 

0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV
 $QDO\VHV WKH LPSDFW RI ERWK
 V\VWHP SDUDPHWHUV VXFK DV DQWHQQD KHLJKW RSHUDWLQJ IUHTXHQF\ DQG UHXVH IDF
WRU DQG
 SURSDJDWLRQ ORVV SDUDPHWHUV VXFK DV SDWK ORVV H[SRQHQW EUHDNSRLQW GLVWDQFH
DQG HIIHFWLYH URDG KHLJKW
RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV QHWZRUN RSHUDWLQJ DW
KLJKHU PLFURZDYH FDUULHUV IUHTXHQFLHV ZKHUH L WZR WLHU FRFKDQQHO LQWHUIHUHQFH LV
DFWLYH LL PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH DUH DFWLYH
± ,W LV HVWDEOLVKHG WKDW IRU ERWK WKH WZR WLHU DQG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO
WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI WKH FHOOXODU QHWZRUN LV DIIHFWHG E\
WKH V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV )RU H[DPSOH L LQ WKH FDVH RI
WKH WZR WLHU LQWHUIHUHQFH PRGHO DW FHOO UDGLXV 5   P FDUULHU IUHTXHQF\
I c   *+] IRU H[WUD SDWK ORVV H[SRQHQW ρ   7KH SHUFHQWDJH GHFUHDVH
LQ LQIRUPDWLRQ FDSDFLW\ ZDV  ZKLOH IRU WKH VDPH FHOOXODU V\VWHP FRQ
GLWLRQ ZKHQ H[WUD SDWK ORVV ρ   WKH SHUFHQWDJH GHFUHDVH LQ LQIRUPDWLRQ
FDSDFLW\ ZDV  LL LQ WKH FDVH RI WKH PXOWLSOH LQWHUIHUHQFH PRGHO IRU WKH
VDPH FHOOXODU ZLUHOHVV V\VWHP FRQGLWLRQ WKH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\
ZKHQ H[WUD SDWK ORVV ρ   ZDV  DQG IRU H[WUD SDWK ORVV ρ   WKH
SHUFHQWDJH GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDFLW\ ZDV 
 ,W LV VKRZQ WKDW EHFDXVH PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH DUH EHFRPLQJ
DFWLYH WKHUH LV D WKHRUHWLFDO OLPLW WR FHOOV UDGLXV VL]H UHGXFWLRQ LQ FHOOXODU ZLUHOHVV
V\VWHPV IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH IRXQGHG RQ HFRQRPLF UHDVRQV
± 7KLV LV HVWDEOLVKHG EHFDXVH DW D FDUULHU IUHTXHQF\ I c   *+] 7KH LQ
IRUPDWLRQ FDSDFLW\ SHU XQLW FRVW >%LWVVHF+]XQLW FRVW@ DW FHOO VL]H UDGLXV 5  
 P IRU WKH FRQYHQWLRQDO VLQJOH WLHU LQWHUIHUHQFH PRGHO HTXDOV WKDW RI WKH
SURSRVHG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO DW FHOO VL]H UDGLXV 5   P 

0RWLYDWLRQ IRU WKH 5HVHDUFK :RUN LQ WKH 7KHVLV
)LJXUH  5RDG PDS RI WKH WKHVLV DQG WKHVLV FRQWULEXWLRQV

2UJDQL]DWLRQ RI WKH 7KHVLV
 2UJDQL]DWLRQ RI WKH 7KHVLV
7KH WKHVLV DLPV DW ILQGLQJ D WKHRUHWLFDO OLPLW WR FHOO VL]H UHGXFWLRQ LQ FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP 7KH DQDO\VLV IRFXVHV RQ WZR ZLUHOHVV FKDQQHO PRGHOV PXOWLSDWK
DQG FHOOXODU )RU WKHP DUHD VSHFWUDO HIILFLHQF\ DQG HFRQRPLF HIILFLHQF\ DUH SUHVHQWHG
&KDSWHU  JLYHV D EULHI RYHUYLHZ RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ FRQFHSW ZLUHOHVV
FKDQQHO PRGHOV DQG LQWURGXFHV WKH PDWKHPDWLFDO EDFNJURXQG WR IROORZ RXU GHULYDWLRQV
7KH UHVHDUFK FRQWULEXWLRQV DUH SUHVHQWHG LQ &KDSWHUV    &KDSWHU  SUHVHQWV FRQFOXVLRQV
DQG RXWOLQHV IXWXUH ZRUN
)LJXUH  LV D URDGPDS RI VRPH URXWHV WKDW RQH PLJKW GHFLGH WR IROORZ WKURXJK
WKH FRPLQJ FKDSWHUV DQG WKH WHUULWRU\ WKDW RQH ZRXOG FRYHU
 2XWOLQH RI WKH 7KHVLV
7KH FKDSWHUV RI WKLV WKHVLV DUH RXWOLQHG DV IROORZV
 &KDSWHU  JLYHV D EULHI RYHUYLHZ RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP FRQ
FHSWV DQG IUHTXHQF\ SODQQLQJ LQ FHOOXODU ZLUHOHVV V\VWHP 7KH FKDSWHU DOVR LQWUR
GXFHV WKH QHFHVVDU\ PDWKHPDWLFDO EDFNJURXQG WR IROORZ WKH GHULYDWLRQV DQG V\VWHP
PRGHOV IRU WKH ZLUHOHVV DQG FHOOXODU FKDQQHOV ,W UHYLHZV WKH OLQN EHWZHHQ FHOOX
ODU ZLUHOHVV V\VWHP SURSDJDWLRQ PRGHO FRFKDQQHO LQWHUIHUHQFH FHOO VL]H UHGXFWLRQ
DQG LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV
 &KDSWHU  SURSRVHV D IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ
FHOOV LQ D JLYHQ WLHU RI D FHOOXODU ZLUHOHVV VLWH OD\RXW 7KH IRUPXOD LV XVHG IRU WKH
FKDUDFWHUL]DWLRQ RI FRFKDQQHO LQWHUIHUHQFH DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV
DQG VPDOOHU FHOO VL]H UDGLXV $ FRFKDQQHO LQWHUIHUHQFH PRGHO ZKLFK LQFRUSRUDWHV
WKH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV LV DOVR SURSRVHG
 &KDSWHU  DQDO\]HV WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FHOOXODU ZLUHOHVV FRP
PXQLFDWLRQ V\VWHP ,W FRPSDUHV WKH FRQYHQWLRQDO LQWHUIHUHQFH PRGHO LQIRUPDWLRQ
FDSDFLW\ SHUIRUPDQFH WR WKDW RI RXU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO
LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH 0DWKHPDWLFDO DQDO\VLV VXSSRUWHG E\ FRPSXWHU
VLPXODWLRQ LV XVHG IRU WKH FRPSDULVRQ 7KH LPSDFW RI V\VWHP DQG SURSDJDWLRQ ORVV

2UJDQL]DWLRQ RI WKH 7KHVLV
SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH IRU WKH WZR LQWHUIHUHQFH PRGHOV
LV VWXGLHG
 &KDSWHU  SURSRVHV D PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 0DWKHPDWLFDO
DQDO\VLV DQG FRPSXWHU VLPXODWLRQ DUH WKHQ XVHG WR VWXG\ WKH LQIRUPDWLRQ FDSDFLW\
SHUIRUPDQFH 7KH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH LV VWXGLHG E\ FRPSDULQJ WKDW
RI WKH FRQYHQWLRQDO LQWHUIHUHQFH PRGHO WR WKH SURSRVHG PXOWLSOH WLHU LQWHUIHUHQFH
PRGHO 1H[W WKH LPSDFW RI V\VWHP DQG SURSDJDWLRQ SDUDPHWHUV RQ WKH LQIRUPDWLRQ
FDSDFLW\ SHUIRUPDQFH IRU WKH WZR LQWHUIHUHQFH PRGHOV LV VWXGLHG
 &KDSWHU  XVHV WKH LQIRUPDWLRQ FDSDFLW\  FRVW DQDO\VLV WR ILQG D WKHRUHWLFDO OLPLW
WR FHOO VL]H UHGXFWLRQ LQ FHOOXODU ZLUHOHVV V\VWHPV RSHUDWLQJ DW KLJKHU PLFURZDYH
FDUULHU IUHTXHQFLHV :H DOVR HODERUDWH RQ WKH FXUUHQW GHYHORSPHQW LQ FHOOXODU PRELOH
FRPPXQLFDWLRQ WHFKQRORJLHV ZKLFK DUH UHOHYDQW WKLV UHVHDUFK ZRUN
 &KDSWHU  VXPPDUL]HV FRQFOXVLRQV GUDZQ IURP WKH SUHFHGLQJ FKDSWHUV DQG SRLQWV WR
IXWXUH GLUHFWLRQV RI WKLV WKHVLV

&KDSWHU 
2YHUYLHZ RI &HOOXODU :LUHOHVV 6\VWHP

7KH &HOOXODU :LUHOHVV &RPPXQLFDWLRQ &RQFHSW
7KH FHOOXODU ZLUHOHVV QHWZRUN HYROYHG DV WKH EDVLF VWUXFWXUH IRU DQ\ ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP 7KH FHOOXODU V\VWHP DOORZV WKH UHXVH RI ZLUHOHVV FKDQQHOV RQ WKH VDPH FDUULHU
IUHTXHQF\ DW VSDWLDO ORFDWHG GLVWDQFH 7KH UHXVH RI WKH ZLUHOHVV FKDQQHOV LV DGYDQWDJHRXV
IRU IUHTXHQF\ EDQG XWLOL]DWLRQ >@ 7KH FHOOXODU V\VWHP LV WKHUHIRUH XVHG IRU WKLV UHVHDUFK
ZRUN ,Q D FHOOXODU ZLUHOHVV QHWZRUN DOO WKH VHUYLFHG DUHD LV GLYLGHG LQWR D ODUJH QXPEHU RI
VPDOO DUHDV FDOOHG FHOOV (DFK FHOO LV VHUYLFHG E\ LWV RZQ UDGLRFRPPXQLFDWLRQ XQLW FDOOHG
WKH %DVH 7UDQVFHLYHU 6WDWLRQ %76 7KH FHOO LV VDLG WR EH VHUYHG E\ D EDVH VWDWLRQ ZKLFK
LV VWDWLRQDU\ 7KH ZLUHOHVV FKDQQHO SRVHV D PDMRU FKDOOHQJH DV D PHGLXP IRU FRQVLVWHQW
KLJK VSHHG FRPPXQLFDWLRQ EHFDXVH RI LQWHUIHUHQFH IURP FRFKDQQHO FHOOV >@ ,Q WKH WKH
VLV RXU IRFXV ZLOO EH WR PRGHO FRFKDQQHO LQWHUIHUHQFH DFFXUDWHO\ IRU HPHUJLQJ DQG IXWXUH
FHOOXODU ZLUHOHVV V\VWHPV 7KH SURSDJDWLRQ FKDUDFWHULVWLFV RI D FHOOXODU ZLUHOHVV V\VWHP
DOVR FKDQJHV ZLWK WKH FHOO VL]H UDGLXV >@ :H ZLOO WKHUHIRUH VWXG\ WKH LPSDFW RI SURSD
JDWLRQ ORVV SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU ZLUHOHVV V\VWHPV DV WKH FHOO
VL]H UDGLXV UHGXFHV 7KLV FKDSWHU GLVFXVV WKH FHOOXODU ZLUHOHVV FRQFHSW V\VWHP PRGHOV IRU
ZLUHOHVV FKDQQHOV DQG FRQYHQWLRQDO PHWKRGV XVHG IRU LQFUHDVLQJ WKH LQIRUPDWLRQ FDSDFLW\
RI FHOOXODU ZLUHOHVV V\VWHP
7KH FKDSWHU LV RUJDQL]HG DV IROORZV $Q RYHUYLHZ RI WKH FHOOXODU ZLUHOHVV FRQ
FHSW LV SUHVHQWHG LQ &KDSWHU  1H[W ZH ORRN DW WKH JHRPHWULFDO SURSHUWLHV RI FHOOXODU
ZLUHOHVV V\VWHPV LQ &KDSWHU  7KH ZLUHOHVV FKDQQHO DQG FKDQQHO LPSHGLPHQWV DUH GLV
FXVVHG LQ &KDSWHU  EULHIO\ 1H[W D VXUYH\ RI ZRUN RQ WKH PRGHOOLQJ RI SURSDJDWLRQ
ORVVHV LV SUHVHQWHG LQ &KDSWHU  )ROORZHG E\ D GLVFXVVLRQ RQ FHOOXODU ZLUHOHVV FKDQQHO
LQ &KDSWHU  )ROORZHG E\ D GHVFULSWLRQ RI FRQYHQWLRQDO LQWHUIHUHQFH DQG LQIRUPDWLRQ
FDSDFLW\ PRGHO IRU FHOOXODU ZLUHOHVV V\VWHP LQ &KDSWHU  DQG  )LQDOO\ D VXPPDU\ RI
WKH FKDSWHU LV SUHVHQWHG LQ &KDSWHU 
 7KH &HOOXODU :LUHOHVV &RPPXQLFDWLRQ &RQFHSW
7KH %HOO 6\VWHP SODQQHUV FRQFHLYHG WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ FRQFHSW XQ
GHU WKH $036 VWDQGDUG LQ  7KH\ ZHUH ORRNLQJ DKHDG WR D PRUH HFRQRPLFDO DQG
ZLGHVSUHDG IRUP RI PRELOHWHOHSKRQH VHUYLFH >@ $036 ZDV WR SURYLGH D ODUJHVFDOH
PRELOHWHOHSKRQH VHUYLFH 7KH$036ZDV EDVHG RQ LQWHUHVWV RI WKH SXEOLF PRELOHWHOHSKRQH

7KH &HOOXODU :LUHOHVV &RPPXQLFDWLRQ &RQFHSW
FXVWRPHUV DQG PRELOHWHOHSKRQH RSHUDWLQJ FRPSDQLHV
7KH EDVLF REMHFWLYHV RI $036 LV DV IROORZV >@
 /DUJH VXEVFULEHU FDSDFLW\
 (IILFLHQW XVH RI VSHFWUXP
 1DWLRQZLGH FRPSDWLELOLW\
 :LGHVSUHDG DYDLODELOLW\
 $GDSWDELOLW\ WR WUDIILF GHQVLW\
 6HUYLFH WR YHKLFOHV DQG SRUWDEOHV
 5HJXODU WHOHSKRQH VHUYLFH DQG VSHFLDO VHUYLFHV LQFOXGLQJ ³GLVSDWFK´
 ³7HOHSKRQH´ TXDOLW\ RI VHUYLFH
 $IIRUGDELOLW\
,Q D YLHZ WKDW WKH $036 V\VWHP PXVW EH DEOH WR JURZ DQG DFFRPPRGDWH ODUJHU VXEVFULEHU
FDSDFLW\ ZLWKLQ D ORFDO VHUYLFH DUHD VXFK DV WKH HQYLURQPHQWV RI D VLQJOH FLWLHV 7KH SUR
YLVLRQ RI VHUYLFH PXVW QRW GHSHQG RQ WKH FRQWLQXRXV HQODUJHPHQW RI WKH DOORFDWHG UDGLR
VSHFWUXP 7KH QHHG IRU ZLUHOHVV V\VWHPV WR RSHUDWH DQG JURZ ZLWKLQ JLYHQ UDGLR FKDQQHOV
ZDV WKH GULYLQJ IRUFH EHKLQG WKH HYROXWLRQ RI WKH FHOOXODU FRQFHSW >@
%DVLFDOO\ WKH PRELOH QHWZRUN PRGHO RI WKH %HOO 6\VWHPV XQGHU WKH $036 VWDQGDUG
LQ  >@ FRQVLVWV LGHDOO\ RI KH[DJRQDO FHOOV WKH FHOOV UHSUHVHQWLQJ JHRJUDSKLF DUHDV
%DVH VWDWLRQV LQ HDFK FHOO FRPPXQLFDWH VLPXOWDQHRXVO\ ZLWK DOO PRELOH VWDWLRQV 7UDIILF
LV SDVVHG WKURXJK D UDGLR QHWZRUN LQWHUIDFH WR DQ LQIUDVWUXFWXUH RI VZLWFKLQJ HTXLSPHQW
FDOOHG 0RELOH 6ZLWFKLQJ &HQWUHV 06& 7KH PRELOH VZLWFKLQJ FHQWUH LQWHUFRQQHFWV WKH
GLIIHUHQW SDUWV RI WKH FRPPXQLFDWLRQ V\VWHP 7KH 06& LV LQ WXUQ FRQQHFWHG WR WKH SXEOLF
VZLWFK WHOHSKRQH QHWZRUN )LJXUH  LOOXVWUDWHV WKH EDVLF FRQFHSW RI WKH FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP 7KH WULDQJOHV UHSUHVHQW EDVH VWDWLRQV 7KH EDVLF HOHPHQWV RI WKH
FHOOXODU ZLUHOHVV V\VWHP DUH IUHTXHQF\ UHXVH DQG FHOO VSOLWWLQJ FRQFHSW 7KLV FRQFHSWV DUH
GLVFXVVHG EULHIO\ LQ WKH QH[W VHFWLRQ

7KH &HOOXODU :LUHOHVV &RPPXQLFDWLRQ &RQFHSW
)LJXUH  $ FHOOXODU ZLUHOHVV QHWZRUN
)UHTXHQF\ 5HXVH LQ &HOOXODU 6\VWHP
)UHTXHQF\ UHXVH LV WKH XVH RI WKH VDPH FDUULHU IUHTXHQF\ I c WR FRYHU GLIIHUHQW JHRJUDSKLF
DUHDV 7KH GLIIHUHQW JHRJUDSKLF DUHDV DUH VHSDUDWHG IURP HDFK RWKHU E\ D VXIILFLHQW GLV
WDQFH VR WKDW FRFKDQQHO LQWHUIHUHQFH GRHV QRW EHFRPH D SUREOHP )UHTXHQF\ UHXVH LV QRW
RQO\ HPSOR\HG LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP EXW DOVR LQ EURDGFDVWLQJ DQG
PRVW RWKHU UDGLR VHUYLFHV )UHTXHQF\ UHXVH DOORZV ZLUHOHVV FRPPXQLFDWLRQ SURYLGHUV WR
FRYHU ORFDO DUHDV ZLWK WUDQVPLWWHUV RI PRGHUDWH SRZHU DV FRPSDUHG WR D VLQJOH ODQG WUDQV
PLWWHU VLWH ZLWK KLJK SRZHU DW D KLJK HOHYDWLRQ )UHTXHQF\ UHXVH LQFUHDVHV WKH LQIRUPDWLRQ
FDSDFLW\ IRU WKH FHOOXODU ZLUHOHVV QHWZRUN IRU WKH VDPH QXPEHU RI DOORFDWHG FKDQQHO IUH
TXHQFLHV
&HOO 6SOLWWLQJ LQ &HOOXODU 6\VWHP
&HOO VSOLWWLQJ LV RQH RI WKH YDULRXV PHWKRGV XVHG WR LQFUHDVH WKH LQIRUPDWLRQ FDSDFLW\ RI D
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP &HOO VSOLWWLQJ DOORZV WKH UHYLVLRQ RI FHOO ERXQG
DULHV VXFK WKDW WKH DUHDV UHJDUGHG DV ODUJH FHOO VLQJOH FHOO FDQ FRQWDLQ VHYHUDO VPDOOHU FHOOV
DQG XWLOL]H DOO WKHVH FHOOV FKDQQHOV 7KH UHYLVLRQ RI FHOO ERXQGDULHV E\ FHOO VSOLWWLQJ DOORZV

7KH &HOOXODU :LUHOHVV &RPPXQLFDWLRQ &RQFHSW
WKH FHOOXODU V\VWHP WR DGMXVW WR JURZWK LQ LQIRUPDWLRQ FDSDFLW\ GHPDQG LQ FHUWDLQ DUHDV
RU LQ WKH ZKROH ZLUHOHVV QHWZRUN ZLWKRXW DQ\ LQFUHDVH LQ WKH VSHFWUXP DOORFDWLRQ 7KH
DUHD RI D FHOO IRU D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV SURSRUWLRQDO WR WKH VTXDUH RI
WKH FHOO VL]H UDGLXV 52 7KHUHIRUH IRU H[DPSOH UHGXFLQJ WKH FHOO UDGLXV WR RQH KDOI RI LWV
RULJLQDO YDOXH FDXVHV WKH FHOO DUHD WR GURS D RQH TXDUWHU RI LWV RULJLQDO YDOXH 7KHRUHWLFDOO\
IRXU RI WKH VPDOOHU FHOOV PD\ ILW LQWR RQH RI WKH ODUJH FHOOV +RZHYHU IRU D KH[DJRQDO FHOO
PRGHO OD\RXW LW LV LPSRVVLEOH WR ILW IRXU TXDUWHU  VL]H KH[DJRQDO FHOOV FRPSOHWHO\ LQ D IXOO
 VL]H KH[DJRQDO FHOO ZLWKRXW VRPH UHJLRQV IDLOLQJ WR EH FRYHUHG 7KH UHJLRQV ZKLFK DUH
QRW FRYHUHG E\ FHOO VSOLWWLQJ DUH FRYHUHG E\ DGMDFHQW FHOOV
 )UHTXHQF\ 5HXVH &RQFHSW LQ &HOOXODU 6\VWHP
&KDQQHO IUHTXHQF\ GLVWULEXWLRQ LQ D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP GHSHQGV RQ
VHYHUDO SDUDPHWHUV VXFK DV VLJQDO SURSDJDWLRQ FKDUDFWHULVWLFV VLJQDO LQWHUIHUHQFH DQG FHO
OXODU VLWH JHRPHWU\ ,Q FHOOXODU V\VWHPV WKH WRWDO QXPEHU RI FKDQQHOV DOORFDWHG WR D QHWZRUN
RSHUDWRU LV GLYLGHG LQWR VHWV (DFK VHW LV WKHQ DVVLJQHG WR D FHOO LQVLGH D FOXVWHU RI FHOOV
ZKLFK IRUPV D SDWWHUQ 7KLV VHW RI FKDQQHO LV WKHQ UHXVHG LQ DQRWKHU FHOO VRPH GLVWDQW DSDUW
WR HQVXUH DFFHSWDEOH VLJQDO LQWHUIHUHQFH
7KH FHOOV XVLQJ WKH VDPH FKDQQHOV DUH FDOOHG FRFKDQQHO FHOOV 7KH GLVWDQFH EH
WZHHQ FRFKDQQHO FHOOV LV FDOOHG FRFKDQQHO UHXVH GLVWDQFH' 1RWH WKDW WKH SDWWHUQ IRUPHG
LV UHXVHG DFFRUGLQJ WR WKH FRFKDQQHO UHXVH GLVWDQFH 7KH VHOHFWLRQ RI WKH QXPEHU RI FHOOV
SHU FOXVWHU LV EDVHG RQ WKH OHYHO RI FRFKDQQHO LQWHUIHUHQFH
$ EHWWHU XQGHUVWDQGLQJ RI VLJQDO SURSDJDWLRQ DQG FHOOXODU VLWH JHRPHWU\ LV UHTXLUHG
WR XQGHUVWDQG WKH SHUIRUPDQFH DQG FKDQQHO DVVLJQPHQW RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ
V\VWHPV ,Q WKH IROORZLQJ VHFWLRQ ZH JLYH D EULHI LQWURGXFWLRQ WR FHOOXODU VLWH JHRPHWU\ DQG
ZLUHOHVV FKDQQHOV ZKLFK ZH XVHG IRU WKH GHULYDWLRQ RI WKH IRUPXOD IRU ILQGLQJ WKH QXPEHU
RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ VXEVHTXHQW WLHUV 7KH IRUPXOD LV XVHG IRU WKH LQIRUPDWLRQ
FDSDFLW\ SHUIRUPDQFH DQDO\VLV

3URSHUWLHV RI &HOOXODU :LUHOHVV *HRPHWU\
 3URSHUWLHV RI &HOOXODU :LUHOHVV *HRPHWU\
7KH UHDVRQ IRU GHILQLQJ FHOOV LQ D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV WR GHPDUFDWH
DUHDV LQ ZKLFK HLWKHU VSHFLILF FKDQQHOV RU D VSHFLILF FHOO VLWH ZLOO EH XVHG DW OHDVW SUHI
HUHQWLDOO\ LI QRW H[FOXVLYHO\ >@ ,Q FHOO VLWH JHRPHWU\ D UHDOLVWLF GHJUHH RI JHRJUDSKLFDO
FRQILQHPHQW RI FKDQQHO XVDJH LV QHFHVVDU\ WR SUHYHQW FRFKDQQHO LQWHUIHUHQFH
&HOOVLWH VHOHFWLRQ DQG SRVLWLRQ WROHUDQFH LV DQ LPSRUWDQW SDUDPHWHU LQ FHOOXODU ZLUH
OHVV FRPPXQLFDWLRQ QHWZRUNV OLNHZLVH WKH PD[LPXP DQG PLQLPXP FHOO VL]H UDGLXV DV
UHSRUWHG E\ >@ 7KH YDOXHV IRU WKHVH SDUDPHWHUV DUH IRXQGHG RQ WKH WUDGHRIIV EHWZHHQ LQ
IRUPDWLRQ FDSDFLW\ FRVW HIIHFWV DQG JRRG WUDQVPLVVLRQ TXDOLW\ $ SHUIHFW FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ QHWZRUN OD\RXW PRGHO LV VXSSRVHG WR EH UHJXODU +RZHYHU WKH LQVWDOODWLRQ
RI D FHOO VLWH LQ WKH LGHDO SRVLWLRQ LV JHQHUDOO\ QRW SRVVLEOH 7KH $036 V\VWHPV DOORZ WKH
SRVLWLRQ RI FHOO VLWHV XS WR RQHTXDUWHU RI WKH QRPLQDO UDGLXV DZD\ IURP WKH LGHDO ORFDWLRQ
7KH YDOXH IRU PD[LPXP FHOO VL]H UDGLXV LV D GHFLVLRQ WDNHQ GXULQJ WKH VWDUW XS SKDVH
RI D FHOOXODU V\VWHP ,W LV D FRPSURPLVH EHWZHHQ FRVW IRUHFDVW RI WKH XOWLPDWH LQIRUPDWLRQ
FDSDFLW\ DQG WKH WUDQVPLVVLRQ TXDOLW\ UHTXLUHG 7KH PD[LPXP FHOO VL]H UDGLXV LV GHILQHG
E\ L WKH FRVW RI WUDQVPLWWHU SRZHU DQG DQWHQQD KHLJKW LL WKH H[SHFWHG QXPEHU RI FHOO
VLWHV LQ D PDWXUH FHOOXODU V\VWHP LLL VLJQDO SURSDJDWLRQ HQYLURQPHQW FKDUDFWHULVWLFV DQG
LY WKH PD[LPXP SRZHU OHYHO RI PRELOH WHUPLQDO >@ 7KH PD[LPXP FHOO VL]H UDGLXV KDV
RQO\ DQ LQGLUHFW HIIHFW RQ WKH V\VWHP REMHFWLYH RI D ODUJH XOWLPDWH FDSDFLW\ >@
7KH PLQLPXP FHOO VL]H UDGLXV FRPHV LQWR SOD\ LQ D PDWXUH FHOOXODU ZLUHOHVV FRP
PXQLFDWLRQ V\VWHP ,Q WHUPV RI FRVW LW PD\ KDYH OLWWOH HIIHFW RQ WKH FXVWRPHU EXW ZLOO
KDYH D VLJQLILFDQW HIIHFW RQ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV V\VWHP 7KH
SUDFWLFDO REVWDFOHV ZKLFK DIIHFW VPDOOHU FHOO VL]H DUH WKH FHOO VLWH SRVLWLRQ WROHUDQFH DQG
FRFKDQQHO LQWHUIHUHQFH ,Q WKLV WKHVLV ZH ZLOO IRFXV RQ WKH FRFKDQQHO LQWHUIHUHQFH
 :LUHOHVV &KDQQHOV
)URP D WHFKQLFDO SRLQW RI YLHZ WKH GLVWLQFWLRQ EHWZHHQ ZLUHOLQH DQG ZLUHOHVV FRPPXQL
FDWLRQ LV WKH SK\VLFDO SURSHUWLHV RI WKH ZLUHOHVV FKDQQHO 7KHVH SK\VLFDO SURSHUWLHV SRVH D
PDMRU FKDOOHQJH WR WKH XVH RI ZLUHOHVV FKDQQHO DV D UHOLDEOH PHGLXP IRU KLJKVSHHG

:LUHOHVV &KDQQHOV
)LJXUH  %DVLF DGGLWLYH *DXVVLDQ QRLVH FKDQQHO
FRPPXQLFDWLRQ ZKLFK LV RQH RI WKH UHTXLUHPHQWV QHHGHG WR DFKLHYH WKH ZLUHOHVV IXWXUH
GHYHORSPHQW GLUHFWLRQ 7KH SK\VLFDO SURSHUWLHV WR ZKLFK ZLUHOHVV FKDQQHO DUH YXOQHUDEOH
WR DUH DPELHQW QRLVH SURSDJDWLRQ ORVVHV LQWHUIHUHQFH DQG PXOWLSDWK VLJQDO SURSDJDWLRQ
:LUHOHVV FKDQQHO DUH DOVR YXOQHUDEOH WR SURSHUWLHV DULVLQJ IURP WKH XVH RI PXOWLSOH DQ
WHQQDV 7KH IROORZLQJ VXEVHFWLRQV ZLOO UHYLHZ WKHVH SK\VLFDO SURSHUWLHV EULHIO\ KRZHYHU
IXUWKHU GLVFXVVLRQ DQG GHWDLOV FDQ EH IRXQG LQ > @
 $GGLWLYH 1RLVH &KDQQHOV
:LUHOHVV FKDQQHOV DUH FRUUXSWHG E\ DPELHQW QRLVH ZKLFK LV QRUPDOO\ LQWURGXFHG E\ WKH
KDUGZDUH FRPSRQHQWV DW WKH UHFHLYHU IURQW HQG RI WKH ZLUHOHVV FRPPXQLFDWLRQV V\VWHP
7KH QRLVH LV IURP WKHUPDO PRWLRQ RI HOHFWURQV RQ WKH DQWHQQD UHFHLYHU HOHFWURQLFV DQG
EDFNJURXQG UDGLDWLRQ VRXUFHV 7KLV QRLVH LV PRGHOOHG DV KDYLQJ D YHU\ ZLGH EDQGZLGWK $
FRPPRQPRGHO IRU VXFK D QRLVH LV D ]HURPHDQ*DXVVLDQ SURFHVV )LJXUH  LOOXVWUDWHV WKH
DGGLWLYH QRLVH FKDQQHO ZKHUH =k LV WKH DGGLWLYH QRLVH ;k LV WKH WUDQVPLWWHG VLJQDO DQG<k LV
WKH UHFHLYHG VLJQDO 7KH FKDQQHO LV UHIHUUHG WR DV DGGLWLYH ZKLWH *DXVVLDQ QRLVH $:*1
ZKHQ WKH QRLVH LV ZKLWH $:*1 PRGHO LV UHIHUUHG WR DV DQ LGHDOLVWLF FKDQQHO FRQGLWLRQ LW
LV QRW D UHDO SK\VLFDO SURFHVV ZKHUH QR VLJQDO IDGLQJ RFFXUV EHFDXVH LW LV DVVXPHG WKDW
LWV VSHFWUXP GHQVLW\ LV FRQVWDQW RYHU DOO IUHTXHQFLHV 1RZ VLQFH UHFHLYHU KDUGZDUH DOZD\V

:LUHOHVV &KDQQHOV
LQWURGXFHV VRPH QRLVH PRGHOV IRU DQ\ WLPHYDU\LQJ FKDQQHO PXVW LQFOXGH DQ DGGLWLYH
QRLVH WHUP XQOHVV WKH QRLVH LV QHJOLJLEOH UHODWLYH WR RWKHU FKDQQHO LPSHGLPHQWV ,Q WKLV
WKHVLV ZH DVVXPHG QRLVH WR EH QHJOLJLEOH UHODWLYH WR WKH RWKHU FKDQQHO LPSHGLPHQWV ZKLFK
ZLOO EH GLVFXVVHG LQ WKH VXEVHTXHQW FKDSWHUV RI WKH WKHVLV 7UDQVPLVVLRQ RYHU DGGLWLYH
*DXVVLDQ QRLVH FKDQQHOV KDV EHHQ VWXGLHG RYHU WKH SDVW GHFDGHV LQ > ±@ ,Q WKH QH[W
VHFWLRQ ZH FRQVLGHU PXOWLSDWK HIIHFWV ZKLFK FDQ FDXVH WZR W\SHV RI VLJQDO GHJUDGDWLRQ
LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV
 0XOWLSDWK 6LJQDO 3URSDJDWLRQ &KDQQHOV
0XOWLSDWK VLJQDO SURSDJDWLRQ LQ ZLUHOHVV FRPPXQLFDWLRQV UHIHUV WR WKH SKHQRPHQRQ LQ
ZKLFK PXOWLSOH FRSLHV RI D WUDQVPLWWHG VLJQDO DUH UHFHLYHG DW WKH UHFHLYHU 8QOLNH WKH
PXOWLSOHLQSXW PXOWLSOHRXWSXW 0,02 V\VWHP ZKLFK XVHV PXOWLSDWK SURSDJDWLRQ WR SUR
YLGH KLJKHU FDSDFLW\ > @ IRU FODVVLFDO V\VWHPV PXOWLSDWK VLJQDO SURSDJDWLRQ LV FRQ
VLGHUHG WR EH KDUPIXO 7KHUHIRUH UHVHDUFK ZRUN WKDW IROORZHG WKH YLDELOLW\ RI ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP KDG DW OHDVW WZR SKDVHV XQGHUVWDQGLQJ WKH QDWXUH RI PXOWLSDWK
FKDQQHOV DQG VHDUFKLQJ IRU WHFKQLTXHV WR UHGXFH VLJQDO IDGLQJ ,Q WKLV VHFWLRQ D GHWDLOHG
RYHUYLHZ RI PXOWLSDWK FKDQQHOV DQG LWV PRGHOOLQJ LV JLYHQ ,Q ZLUHOHVV UDGLR HQYLURQPHQW
SDUWLFXODU\ XUEDQ HQYLURQPHQW EHFDXVH RI WKH VXUURXQGLQJ VWUXFWXUHV D UDGLR VLJQDO WUDQV
PLWWHG IURP D IL[HG VRXUFH WR D PRELOH UHFHLYHU H[SHULHQFHV DQ H[FHVVLYH YDULDWLRQ LQ ERWK
DPSOLWXGH DQG SKDVH 7KLV YDULDWLRQ LV GXH WR PXOWLSOH SDWKV ZKLFK DUH FUHDWHG DIWHU WKH
WUDQVPLW ZDYH UHIOHFWV GLIIUDFWV RU VFDWWHUV E\ KXPDQPDGH VWUXFWXUHV DORQJ WKH SDWK RI
SURSDJDWLRQ >@ DV LOOXVWUDWHG LQ )LJXUH  7KH WUDQVPLWWHG ZDYHV WUDYHO LQ GLIIHUHQW
GLUHFWLRQV WKXV IRUPLQJ DGGLWLRQDO FRSLHV RI WKH WUDQVPLWWHG VLJQDO ZKLFK FDQ EH DWWHQ
XDWHG LQ SRZHU GHOD\HG LQ WLPH VKLIWHG LQ SKDVH DQGRU IUHTXHQF\ IURP WKH /26 VLJQDO
SDWK 7KH UHFHLYHG VLJQDOV FDQ VXPXS FRQVWUXFWLYHO\ RU GHVWUXFWLYHO\ FRQVWUXFWLYH DQG
GHVWUXFWLYH LQWHUIHUHQFH 7KXV WKH VXPPHGXS VLJQDO UHFHLYHG FDQ EH VWURQJ LQ RQH DUHD
EXW ZHDN LQ DQRWKHU 7KH PRELOH UHFHLYHU FDQ DOVR EH VLWXDWHG LQ D VLJQDO QXOO VSRW 7KH
UDLVLQJ RU ORZHULQJ RI WKH UHFHLYHG VLJQDO DW WKH PRELOH XQLW GHSHQGV RQ WKH ORFDWLRQ RI WKH
VWDQGVWLOO PRELOH >@ :KHQ WKH WUDQVPLWWHU UHFHLYHU DQG UHIOHFWRUV DUH DOO VWDWLF WKHQ WKH
FRQVWUXFWLYH DQG GHVWUXFWLYH LQWHUIHUHQFH RI WKH PXOWLSOH SDWKV DQG WKHLU GHOD\V UHODWLYH WR

3URSDJDWLRQ /RVVHV
)LJXUH  'LVWULEXWLRQ RI VLQJOH GLIIUDFWLRQ UHIOHFWLRQ DQG VFDWWHUV LQ D ZLUHOHVV FRPPX
QLFDWLRQ HQYLURQPHQW
WKH /26 SDWK DUH IL[HG +RZHYHU ZKHQ WKH VRXUFH RU UHFHLYHU LV QRW VWDWLF WKHQ WKH FKDU
DFWHULVWLFV RI WKH PXOWLSOH SDWKV YDU\ ZLWK WLPH 7KHVH WLPH YDULDWLRQV DUH GHWHUPLQLVWLF
ZKHQ WKH QXPEHU ORFDWLRQ DQG FKDUDFWHULVWLFV RI WKH UHIOHFWRUV DUH NQRZQ RWKHUZLVH VWD
WLVWLFDO PRGHOV PXVW EH XVHG ,Q WKH IROORZLQJ VHFWLRQ SURSDJDWLRQ ORVV DQG VLWHVSHFLILF
PRGHOV IRU SDWK ORVV ZLOO EH GLVFXVVHG ,Q GLVFXVVLQJ WKH PRGHOV GLVWDQFHV DUH DVVXPH WR
EH VPDOO HQRXJK QRW WR EH DIIHFWHG E\ WKH (DUWK FXUYDWXUH >@
 3URSDJDWLRQ /RVVHV
%HIRUH LPSOHPHQWLQJ GHVLJQV DQG FRQILUPLQJ WKH SODQQLQJ RI ZLUHOHVV FRPPXQLFDWLRQ
V\VWHPV LW LV QHFHVVDU\ WKDW DFFXUDWH SURSDJDWLRQ FKDUDFWHULVWLFV RI WKH HQYLURQPHQW DUH
NQRZQ >@ 3URSDJDWLRQ SUHGLFWLRQ XVXDOO\ SURYLGHV WZR W\SHV RI SDUDPHWHUV FRUUHVSRQG
LQJ WR ODUJHVFDOH SDWK ORVV GLIIXVLYH ORVVHV DQG VPDOOVFDOH VKDGRZLQJ IDGLQJ VWDWLVWLFV
7KH SDWKORVV LQIRUPDWLRQ LV LPSRUWDQW IRU WKH GHWHUPLQDWLRQ RI FRYHUDJH RI D %6 SODFH
PHQW DQG LWV RSWLPLVDWLRQ 7KH VPDOOVFDOH SDUDPHWHUV SURYLGH VWDWLVWLFDO LQIRUPDWLRQ RQ
ORFDO ILHOG YDULDWLRQV DQG WKLV LQ WXUQ OHDGV WR WKH FDOFXODWLRQ RI LPSRUWDQW SDUDPHWHUV WKDW
KHOS LPSURYH UHFHLYHU 5[ GHVLJQV DQG FRPEDW WKH PXOWLSDWK IDGLQJ :LWKRXW SURSDJD
WLRQ SUHGLFWLRQV WKHVH SDUDPHWHU HVWLPDWLRQV FDQ RQO\ EH REWDLQHG E\ ILHOG PHDVXUHPHQWV

3URSDJDWLRQ /RVVHV
ZKLFK DUH WLPH FRQVXPLQJ DQG H[SHQVLYH
/RVVHV GXH WR SURSDJDWLRQ DUH DOVR DQ LVVXH LQ ZLUHOHVV FKDQQHOV 'LIIXVLYH ORVVHV
RFFXU EHFDXVH RI WKH QDWXUH RI WKH ZLUHOHVV FKDQQHOV 7KH HQHUJ\ UDGLDWHG E\ D VLPSOH
SRLQW VRXUFH LQ IUHH VSDFH VSUHDGV RYHU DQ HYHUH[SDQGLQJ VSKHULFDO VXUIDFH DV WKH HQHUJ\
SURSDJDWHV DZD\ IURP WKH VRXUFH 7KDW LV DQ DQWHQQD ZLWK D JLYHQ DSHUWXUH VL]H ZLOO JDWKHU
DQ DPRXQW RI HQHUJ\ ZKLFK GHFUHDVHV ZLWK WKH VTXDUH RI GLVWDQFH EHWZHHQ WKH DQWHQQD
DQG WKH VRXUFH ,Q ODQG ZLUHOHVV FKDQQHOV WKH GLIIXVLRQ ORVVHV DUH QRUPDOO\ JUHDWHU WKDQ
WKLV EHFDXVH RI WKH HIIHFWV RI JURXQGZDYH SURSDJDWLRQ IROLDJH HWF ,Q ODQG FHOOXODU
PRELOH QHWZRUNV WKH GLIIXVLRQ ORVV LV LQYHUVHVTXDUH ZLWK GLVWDQFH ZLWKLQ /26 RI WKH FHOO
WRZHU DQG LW IDOOV RII ZLWK KLJKHU SRZHU  RU  DW JUHDWHU GLVWDQFHV 6KDGRZ IDGLQJ
LV GXH WR WKH SUHVHQFH RI REMHFWV VXFK DV EXLOGLQJV ZDOOV DQG WUHHV EHWZHHQ WUDQVPLWWHU
DQG UHFHLYHU ,W LV PRGHOOHG E\ DQ DWWHQXDWLRQ WKDW LV D PXOWLSOLFDWLYH IDFWRU LQ VLJQDO
DPSOLWXGH ZKLFK IROORZV D ORJQRUPDO GLVWULEXWLRQ 9DULDWLRQ LQ IDGLQJ LV UHSUHVHQWHG E\
WKH VWDQGDUG GHYLDWLRQ RI WKH ORJDULWKP RI WKH DWWHQXDWLRQ 7KH SURSDJDWLRQ SDWK ORVV RI D
VLJQDO LV D IXQFWLRQ RI IDFWRUV VXFK DV WKH HQYLURQPHQW DQWHQQD KHLJKW DQG DQWHQQD W\SH
7KH SDWKORVV SUHGLFWLRQ PRGHOV FDQ EH URXJKO\ GLYLGHG LQWR WKUHH W\SHV WKDW LV
HPSLULFDO WKHRUHWLFDO DQG VLWHVSHFLILF PRGHOV >@ 7KH HPSLULFDO PRGHOV DUH D VHW RI
HTXDWLRQV GHULYHG IURP H[WHQVLYH ILHOG PHDVXUHPHQWV >@ (PSLULFDO PRGHOV DUH VLPSOH
DQG HIILFLHQW WR XVH 7KH\ DUH DFFXUDWH IRU HQYLURQPHQWV ZLWK WKH VDPH FKDUDFWHULVWLFV DV
WKRVH ZKHUH WKH PHDVXUHPHQWV ZHUH PDGH 7KH LQSXW SDUDPHWHUV IRU WKH HPSLULFDO PRGHOV
DUH XVXDOO\ TXDOLWDWLYH DQG QRW YHU\ VSHFLILF $ GLVDGYDQWDJH RI WKH HPSLULFDO PRGHOV LV
WKDW WKH\ FDQQRW EH XVHG IRU GLIIHUHQW HQYLURQPHQWV ZLWKRXW PRGLILFDWLRQ
 5D\7UDFLQJ 7HFKQLTXH
5D\ WUDFLQJ LV D WHFKQLTXH ZKLFK LV EDVHG RQ *HRPHWULFDO 2SWLFV *2 DQG LW FDQ EH
DSSOLHG DV DQ DSSUR[LPDWLRQ PHWKRG IRU HVWLPDWLQJ WKH OHYHOV RI KLJK IUHTXHQF\ HOHFWUR
PDJQHWLF ILHOGV 5D\ WKHRU\ LV D SURFHGXUH IRU SURYLGLQJ DQ DFFXUDWH VLWHVSHFLILF PHDQV WR
REWDLQ XVHIXO VLPXODWLRQ UHVXOWV > @ 7KLV WHFKQLTXH DOVR VHUYHV DV D VWDUWLQJ SRLQW IRU
VWDWLVWLFDO PRGHOOLQJ > @ 5D\WUDFLQJ PHWKRG XQOLNH RWKHU FRPSXWDWLRQDO FRPSOH[
PRGHOOLQJ WRROV LV VLPSOH +RZHYHU LW PXVW EH VWDWHG WKDW LW FDQ EH FRPSXWDWLRQDOO\

3URSDJDWLRQ /RVVHV
)LJXUH  ,OOXVWUDWLRQ RI PXOWLSOH VORSH UHJUHVVLRQ ILW WR WKH WZRUD\ PRGHO >@
LQHIILFLHQW
 7ZR3DWK 0RGHO
7KH WZRSDWK PRGHO LV D VLPSOH DQG PHDVXUHPHQWEDVHG PRGHO DQG LV XVHG IRU OLQHRI
VLJKW /26 SURSDJDWLRQ LQ DQ XUEDQ DUHD 7KH PRGHO LV EDVHG RQ D WZRUD\ SURSDJDWLRQ
PHFKDQLVP ZKLFK SUHGLFWV WKH VLJQDO YDULDWLRQ ZKHQ D VLQJOH JURXQG UHIOHFWLRQ GRPLQDWHV
WKH PXOWLSDWK VLJQDO SURSDJDWLRQ HIIHFWV >@ 7KLV PRGHO LV FKDUDFWHUL]HG E\ WKH IDFW WKDW
D EUHDNSRLQW H[LVWV WKDW FOHDUO\ VHSDUDWHV WKH GLIIHUHQW SURSHUWLHV RI SURSDJDWLRQ LQ QHDU
DQG IDU UHJLRQV UHODWLYH WR WKH %6 DV VKRZQ LQ )LJXUH  :KHQ WKH UHJUHVVLRQ DQDO\VLV
ZDV XVHG IRU WKH PHDVXUHG GDWD LQ WKH 6DQ )UDQFLVFR %D\ DUHD LW ZDV VKRZQ WKDW WKH
VORSH EHIRUH WKH EUHDN SRLQW LV OHVV WKDQ WZR ZKLOH WKDW DIWHU WKH EUHDNSRLQW LV JUHDWHU WKDQ
WZR >@ 7KH WZRUD\ PRGHO IRU /26 SURSDJDWLRQ ZDV H[WHQGHG LQ >@ WR LQFOXGH WKH
HIIHFWV RI WUDIILF DQG KLJK REVWDFOHV VXFK DV HOHFWULF SROHV DQG YHKLFXODU WUDIILF ,W LV VKRZQ
WKDW ZKHQ WKH KHLJKWV RI FDU WUDIILF DQG VRPH REVWDFOHV DUH LQFOXGHG LQ WKH PRGHO EHWWHU
PRGHO DFFXUDF\ FDQ EH REWDLQHG FRPSDUHG ZLWK WKH H[SHULPHQWDO UHVXOWV )LJXUH  VKRZV
WKH JHRPHWU\ DQG QRWDWLRQ IRU WKH WZRSDWK PRGHO 7KH ILJXUH VKRZV WKDW WKH UHFHLYHG
VLJQDO DW WKH PRELOH VWDWLRQ FRQVLVWV RI WZR FRPSRQHQWV WKH GLUHFW RU /26 FRPSRQHQWV

3URSDJDWLRQ /RVVHV
)LJXUH  7ZRSDWK PRGHO VKRZLQJ GLUHFW DQG UHIOHFWHG SDWK IRU SURSDJDWLRQ
ZKLFK UHSUHVHQW WKH WUDQVPLWWHG VLJQDO SURSDJDWLQJ WKURXJK IUHH VSDFH DQG D UHIOHFWHG
FRPSRQHQW ZKLFK LV WKH WUDQVPLWWHG VLJQDO UHIOHFWHG RII WKH JURXQG 2WKHU WZRSDWK PRGHO
SDUDPHWHUV DUH GHILQHG DV IROORZV VHH DOVR )LJXUH 
 /  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ WUDQVPLWWHU DQG UHFHLYHU
 G  OHQJWK RI WKH /26 SDWK
 Gµ  OHQJWK RI UHIOHFWHG SDWK
 Γ  JURXQG UHIOHFWLRQ FRHIILFLHQW
7KH UHFHLYHG /26 FRPSRQHQW DW WKH 06 LV IRXQG IURP WKH IUHHVSDFH SDWK ORVV
IRUPXOD
rLOS(t) = u(t)
λGde
j(2pid/λ)
4πd
, 
ZKHUH XW LV D FRPSOH[ EDVHEDQG VLJQDO λ LV WKH FDUULHU ZDYHOHQJWK G LV WKH KRUL]RQWDO
VHSDUDWLRQ GLVWDQFH EHWZHHQ WUDQVPLWWHU DQG UHFHLYHU DQWHQQDV *DLQ *d LV WKH SURGXFW RI
WKH WUDQVPLWWHU DQG UHFHLYHU DQWHQQD ILHOG UDGLDWLRQ SDWWHUQV LQ WKH GLUHFW SDWK ,I WKH HIIHFW
RI VXUIDFH ZDYH DWWHQXDWLRQ LV QHJOHFWHG EHFDXVH RI WKH DVVXPSWLRQ WKDW WKH DQWHQQDV DUH
ORFDWHG PRUH WKDQ D IHZ ZDYHOHQJWKV IURP WKH JURXQG WKHQ E\ VXSHUSRVLWLRQ WKH UHFHLYHG

3URSDJDWLRQ /RVVHV
VLJQDO IRU WKH WZRSDWK PRGHO FDQ EH ZULWWHQ DV
rtwopath(t) =
λ
4π
[
Gdu(t)e
j(2pid/λ)
d
+
ΓGd′u(t+ τ)e
j(2pid′/λ)
d′
]
, 
ZKHUH τ  G¶  Gλc LV WKH WLPH GHOD\ RI WKH JURXQG UHIOHFWLRQ Γ LV WKH UHIOHFWLRQ FRHI
ILFLHQW >@ *DLQ *d′ LV WKH SURGXFW RI WKH WUDQVPLW DQG UHFHLYH DQWHQQD ILHOG UDGLDWLRQ
SDWWHUQV RI WKH UHIOHFWHG SDWKV )RU D WUDQVPLWWHG VLJQDO ZKLFK LV QDUURZEDQG UHODWLYH WR
WKH WLPH GHOD\ τ << %−1u  ZKHUH %u LV WKH FRPSOH[ EDVHEDQG VLJQDO EDQGZLGWK WKHQ XW
≈ XW  τ  7KHUHIRUH WKH UHFHLYHG VLJQDO SRZHU IRU WKH WZRSDWK PRGHO IRU D QDUURZEDQG
WUDQVPLVVLRQ LV JLYHQ DV
Sr = Su
[
λ
4π
]2 ∣∣∣∣Gdd + ΓGd′e
jφ
d′
∣∣∣∣
2

ZKHUH 6u LV WKH FRPSOH[ EDVHEDQG VLJQDO SRZHU ϕ LV WKH SKDVH GLIIHUHQFH EHWZHHQ WKH WZR
UHFHLYHG FRPSRQHQWV WKDW LV WKH GLUHFW DQG UHIOHFWHG SDWKV ,I / GHQRWHV WKH KRUL]RQWDO
GLVWDQFH EHWZHHQ WKH WUDQVPLWWHU DQWHQQD RI KHLJKW Kb DQG WKH UHFHLYHU DQWHQQD RI KHLJKW
Km WKHQ WKH SKDVH GLIIHUHQFH ϕ LV JLYHQ E\
ϕ =
2π(d′ − L)
λ
=
2π
λ


[(
hb + hm
L
)2
+ 1
]1/2
−
[(
hb − hm
L
)2
+ 1
]1/2 . 
7KH HTXDWLRQ  KDV EHHQ VKRZQ WR DJUHH FORVHO\ ZLWK HPSLULFDO GDWD IURP WKH ZRUN
LQ >@ %DVLFDOO\ WKH GHOD\ VSUHDG RI WKH WZRSDWK PRGHO LV WKH H[FHVV GHOD\ RI WKH JURXQG
UHIOHFWLRQ G¶  G I c )RU / ! KbKm G¶  G ≈ KbKm/ WKHUHIRUH ϕ ≈ π KbKmλ/
7KH JURXQG UHIOHFWLRQ FRHIILFLHQW LV JLYHQ E\ > @
Γ =
VLQ θ − Z
VLQ θ + Z 
ZKHUH = WKH FKDUDFWHULVWLF LPSHGDQFH RI WKH PHGLD LV JLYHQ E\
Z =


√
ϵr − FRV2 θ/ϵr IRU YHUWLFDO SRODUL]DWLRQ
√
ϵr − FRV2 θ IRU KRUL]RQWDO SRODUL]DWLRQ
ϵr LV WKH GLHOHFWULF FRQVWDQW RI WKH JURXQG ZKLFK IRU HDUWK RU URDG VXUIDFHV LV DSSUR[LPDWHO\
WKDW RI D SXUH GLHOHFWULF ϵr   )URP HTXDWLRQ  LI / ! KbKm G¶  G ≈ KbKm/
DQG KHQFH
ϕ ≈ 4πhbhm
λL
. 

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IRU DV\PSWRLFDOO\ ODUJH / G¶≈ G≈ / θ≈  *d≈*d′  DQG Γ≈  1RZ VXEVWLWXWLQJ WKHVH
DSSUR[LPDWLRQV LQWR HTXDWLRQ  LW LV VHHQ WKDW LQ WKLV DV\PSWRWLF OLPLW WKH UHFHLYHG
VLJQDO SRZHU LV DSSUR[LPDWHO\
Sr ≈
[
λGd
4πL
]2 [
4πhbhm
λL
]2

7KHUHIRUH LQ WKH DV\PRWRWLF OLPLW RI ODUJH / WKH UHFLYHG VLJQDO SRZHU IDOOV RII LQYHUVHO\
ZLWK WKH IRXUWK SRZHU RI / ,Q >@ SORWV RI UHFHLYHG VLJQDO SRZHU HTXDWLRQ  DV D
IXQFWLRQ RI GLVWDQFH VKRZ WKLV DV\PSWRWLF OLPLW 8S WR D FHUWDLQ FULWLFDO GLVWDQFH Gc WKH
ZDYH H[SHULHQFHV ERWK FRQVWUXFWLYH DQG GHVWUXFWLYH LQWHUIHUHQFH IURP WKH WZR UD\V ZKLFK
UHVXOWV LQ D ZDYH SDWWHUQ ZLWK D VHTXHQFH RI PD[LPD DQG PLQLPD
&ULWLFDO 'LVWDQFH
7KH FULWLFDO GLVWDQFH Gc LV WKH ILQDO PD[LPXP UHDFK E\ WKH WZR UD\V DIWHU ZKLFK WKH VLJQDO
SRZHU IDOOV RII LQYHUVHO\ SURSRUWLRQDOO\ WR U4 $Q DSSUR[LPDWLRQ IRU Gc FDQ EH REWDLQHG
E\ VHWWLQJ ϕ WR π LQ HTXDWLRQ  REWDLQLQJ Gc  KbKmλ 1RWH WKDW WKH FULWLFDO GLVWDQFH
LV XVHG LQ WKH GHVLJQ RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WR GHWHUPLQH RSWLPDO
FHOO VL]H >@ KHQFH ZH XVHG LW LQ WKH DQDO\VLV IRU ILQGLQJ WKH PLQLPXP FHOO VL]H IRU
LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV QHWZRUNV
,I WKH ORFDO PD[LPD DQG PLQLPD DUH DYHUDJHG RXW IURP WKH HTXDWLRQ  WKH UH
VXOWLQJ DYHUDJH SRZHU ORVV FDQ EH DSSUR[LPDWHG E\ GLYLGLQJ WKH SRZHU ORVV FXUYH LQWR WZR
UHJLRQV UHJLRQ , DQG ,, )RU / < Gc WKH DYHUDJH SRZHU IDOORII ZLWK GLVWDQFH FRUUHVSRQGV
WR IUHH VSDFH ORVV )RU / > Gc WKH IDOORII ZLWK GLVWDQFH LV DSSUR[LPDWHG E\ WKH IRXUWK
SRZHU ODZ DV LQ HTXDWLRQ  7KHVH DSSUR[LPDWLRQV WKXV FDSWXUH WKH VLPSOLILHG PRGHO
IRU WKH DYHUDJH UHFHLYHG VLJQDO SRZHU SUHVHQWHG LQ >@ ZKLFK ZH XVHG WR FDOFXODWH RXU
UHFHLYHG VLJQDO SRZHU LQ WKLV WKHVLV
 6WDWLVWLFDO )DGLQJ 0RGHOV
$ EULHI GHVFULSWLRQ RI WKH VWDWLVWLFDO PRGHO IRU WKH UHFHLYHG VLJQDOV LV JLYHQ LQ WKLV VHFWLRQ
7KH VWDWLVWLFDO PRGHO ZLOO HQDEOH IXWXUH ZRUN RQ WKLV WKHVLV WR LQFRUSRUDWH VLJQDO IOXFWXD
WLRQV 7KHUH DUH JHQHUDOO\ WZR SKHQRPHQD WKDW FDXVH IOXFWXDWLRQV RI WKH UHFHLYHG VLJQDO DV

3URSDJDWLRQ /RVVHV
WKH UHFHLYHU RU WUDQVPLWWHU PRYHV $V GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ PXOWLSOH UHIOHFWHG
VLJQDOV DUULYH DW WKH UHFHLYHU VKLIWHG LQ SKDVH 7KH UHFHLYHG VLJQDOV FDXVH FRQVWUXFWLYH RU
GHVWUXFWLYH LQWHUIHUHQFH 7KH UHVXOWLQJ YDULDWLRQV LQ WKH VLJQDO DPSOLWXGH FDOOHG VLJQDO
IDGLQJ YDU\ RYHU GLVWDQFHV SURSRUWLRQDO WR D VLJQDO ZDYHOHQJWK 7KLV W\SH RI IDGLQJ LV UH
IHUUHG WR DV IDVW IDGLQJ :KHQ WKH QXPEHU RI PXOWLSDWK VLJQDO FRPSRQHQWV LV ODUJH WKH ODZ
RI ODUJH QXPEHUV FDQ EH XVHG WR DSSUR[LPDWH WKH IDVW IDGLQJ HIIHFWV ZLWK *DXVVLDQ VWDWLV
WLFV ZKLFK FDQ EH GHVFULEHG E\ WKH 5D\OHLJK VWDWLVWLFV RI WKH VKRUWWHUP VLJQDO HQYHORSH
YDULDWLRQ >@
,Q DGGLWLRQ WR LQWHUIHUHQFH HIIHFWV DV VWDWHG LQ SUHYLRXV VHFWLRQV WKH /26 DQG UH
IOHFWHG SDWKV PD\ DOVR EH DWWHQXDWHG E\ EXLOGLQJV RU RWKHU REMHFWV 7KLV W\SH RI IDGLQJ RU
VKDGRZLQJ YDULHV RYHU GLVWDQFHV ZKLFK DUH SURSRUWLRQDO WR WKH VL]H RI WKH EXLOGLQJV DQG LV
WKXV UHIHUUHG WR DV VORZ IDGLQJ :KHQ WKH QXPEHU RI VLJQDO DWWHQXDWRUV LV ODUJH D *DXVVLDQ
DSSUR[LPDWLRQ IRU WKH DWWHQXDWLRQ GLVWDQFH FDQ EH XVHG IRU WKH VORZ IDGLQJ VWDWLVWLFV WKLV
UHVXOWV LQ D ORJQRUPDO GLVWULEXWLRQ IRU WKH VLJQDO YDULDWLRQ RYHU ODUJH GLVWDQFHV
7KH VWDWLVWLFDO PRGHO IRU VKRUWWHUP PXOWLSDWK IOXFWXDWLRQV RI WKH UHFHLYHG VLJQDO
DPSOLWXGH LV QRUPDO IRXQGHG RQ D SK\VLFDO SURSDJDWLRQ HQYLURQPHQW FRQVLVWLQJ RI D ODUJH
QXPEHU RI LVRODWHG UHIOHFWRUV ZLWK XQNQRZQ ORFDWLRQV DQG UHIOHFWLRQ SURSHUWLHV /LNHZLVH
IRU WKH ORQJWHUP PXOWLSDWK IOXFWXDWLRQV VLQFH WKH SKDVHV URWDWH π GHJUHHV HYHU\  λ
WKH VLJQDO DPSOLWXGH FKDQJHV UDSLGO\ RYHU VKRUW GLVWDQFHV ,I WKHVH ORFDO YDULDWLRQV DUH
DYHUDJHG RXW WKH ORFDO PHDQ ZLOO DOVR YDU\ ZLWK GLVWDQFH GXH WR WZR HIIHFWV WKH SURS
DJDWLRQ ORVV ZLWK GLVWDQFH GHVFULEHG DERYH IRU WKH UD\ WUDFLQJ PRGHOV DQG WKH FKDQJLQJ
FRQILJXUDWLRQ RI VXUURXQGLQJ EXLOGLQJV DQG REVWDFOHV ZKLFK DWWHQXDWH ERWK WKH /26 DQG
WKH PXOWLSDWK FRPSRQHQWV %DVHG RQ WKH WZR DQG WHQUD\ PRGHOV LW LV JHQHUDOO\ DVVXPHG
WKDW WKH SURSDJDWLRQ ORVV ZLWK GLVWDQFH LV SURSRUWLRQDO WR U−2 LQ D UXUDO HQYLURQPHQW DQG
U−4 LQ DQ XUEDQ HQYLURQPHQW
 6LWH6SHFLILF 0RGHOV IRU 3DWK /RVV
6LWHVSHFLILF SURSDJDWLRQPRGHOV DOVR UHIHUUHG WR DV GHWHUPLQLVWLF PRGHOV DUH EDVHG RQ WKH
WKHRU\ RI HOHFWURPDJQHWLF ZDYH SURSDJDWLRQ :KLOH VWDWLVWLFDO PRGHOV GHSHQG RQ H[WHQVLYH
PHDVXUHPHQWV VLWHVSHFLILF SURSDJDWLRQ PRGHOV GR QRW UHO\ RQ H[WHQVLYH PHDVXUHPHQWV

&HOOXODU :LUHOHVV &KDQQHOV
EXW RQ LQIRUPDWLRQ RI WKH HQYLURQPHQWV DQG WKH\ SURYLGH DQ DFFXUDWH SUHGLFWLRQV RI WKH
VLJQDO SURSDJDWLRQ >@ ,Q WKHRU\ SURSDJDWLRQ FKDUDFWHULVWLFV RI HOHFWURPDJQHWLF ZDYHV
FDQ EH FDOFXODWHG H[DFWO\ E\ VROYLQJ 0D[ZHOO¶V HTXDWLRQV +RZHYHU WKLV DSSURDFK UH
TXLUHV YHU\ FRPSOH[PDWKHPDWLFDO RSHUDWLRQV DQG UHTXLUHV FRQVLGHUDEOH FRPSXWLQJ SRZHU
 &HOOXODU :LUHOHVV &KDQQHOV
7KH GHPDQG IRU KLJK VSHHG GDWD VHUYLFH ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV PHDQV WKH OLP
LWHG DYDLODEOH IUHTXHQF\ VSHFWUXP QHHGV WR EH XVHG HIILFHQWO\ &HOOXODU V\VWHPV H[SORLW WKH
SRZHU IDOORII ZLWK GLVWDQFH RI D WUDQVPLWWHG VLJQDO WR UHXVH WKH VDPH IUHTXHQF\ FKDQQHO RU
WLPH VORW DW DQRWKHU VSDWLDOO\ VHSDUDWHG ORFDWLRQ >@ 7KH FRYHUDJH DUHD LV GLYLGHG LQWR
FHOOV ZKHUH LQ HDFK FHOO RQO\ RQH XVHU LV DVVLJQHG WR D SDUWLFXODU FKDQQHO RU WLPH VORW
)RU IUHTXHQF\ GLYLVLRQ WKH WRWDO V\VWHP EDQGZLGWK LV GLYLGHG LQWR RUWKRJRQDO FKDQQHOV
FHQWHUHG DURXQG D IUHTXHQF\ DQG HDFK IUHTXHQF\ FKDQQHO LV UHXVHG DW D VSDWLDOO\ VHSDUDWHG
FHOO )RU WLPH GLYLVLRQ WKH VLJQDO RFFXSLHV WKH HQWLUH IUHTXHQF\ EDQG DQG LV GLYLGHG LQWR
WLPH VORWV ZKLFK DUH UHXVHG LQ GLVWDQW FHOOV ,Q WKLV WKHVLV ZH FRQVLGHUHG D WLPH GLYLVLRQ FHO
OXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP EHFDXVH LW LV WKH PRVW UHSUHVHQWDWLYH RI WKH FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
1RUPDOO\ IRU D FHOOXODU ZLUHOHVV V\VWHP WKH VKDSH RI WKH FHOO LV GHWHUPLQHG E\
WKH SRZHU IRRWSULQW RI WKH WUDQVPLWWLQJ %6 ZKLFK LV FLUFXODU LI WKH WUDQVPLW DQG UHFHLYH
DQWHQQDV DUH LVRWURSLF DQG SURSDJDWLRQ IROORZV D IUHHVSDFH ORVV PRGHO +RZHYHU XUEDQ
SURSDJDWLRQ GRHV QRW IROORZ WKH IUHHVSDFH PRGHO DV EORFNDJH DQG PXOWLSDWK IDGLQJ FDXVH
GLVWRUWLRQ RI WKH FLUFXODU VKDSH 7R DFKLHYH VSHFWUDO HIILFLHQF\ LW LV UHTXLUHG WKDW WKH VSDWLDO
VHSDUDWLRQ RI FHOOV WKDW VKDUH WKH VDPH IUHTXHQF\ FKDQQHO RU WLPH VORW PXVW EH DV VPDOO DV
SRVVLEOH WR FRYHU WKH ODUJHVW SRVVLEOH DUHD ZLWK D VLQJOH FKDQQHO +RZHYHU DV WKH VSDWLDO
UHXVH GLVWDQFH VKULQNV WKH LQWHUIHUHQFH IURP FHOOV XVLQJ WKH VDPH IUHTXHQF\ RU WLPH VORW
LQFUHDVHV 7R FRPSOLFDWH PDWWHUV IXUWKHU ERWK WKH WUDQVPLWWHG DQG LQWHUIHULQJ VLJQDOV H[
SHULHQFH WKH ORQJ DQG VKRUWWHUP PXOWLSDWK IXFWXDWLRQV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ
7R KHOS GHWHUPLQH WKH VSDWLDO UHXVH GDWD UDWHV DQG V\VWHP OD\RXW DFFXUDWH PRGHOV IRU
FHOOXODU WUDQVPLVVLRQ DQG FRFKDQQHO LQWHUIHUHQFH DUH UHTXLUHG 7KDW LV WKH UHDVRQ ZK\ LQ
WKLV WKHVLV ZH SURSRVH D PRUH DFFXUDWH FRFKDQQHO LQWHUIHUHQFH PRGHO IRU FHOOXODU ZLUHOHVV

&HOOXODU :LUHOHVV &KDQQHOV
FRPPXQLFDWLRQ V\VWHPV RSHUDWLQJ DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] ,W VKRXOG EH
QRWHG WKDW FRYHUDJH DUHDV FDQ DOVR EH GLYLGHG XVLQJ FRGH GLYLVLRQ DQG VSUHDG VSHFWUXP
FRGH GLYLVLRQ WHFKQLTXHV >@ +RZHYHU LW LV EH\RQG WKH VFRSH RI WKLV WKHVLV
:H QRZ FRQVLGHU PRGHOV IRU WKH WZR W\SHV RI XUEDQ FHOOXODU ZLUHOHVV FRPPXQLFD
WLRQ V\VWHPV ZKLFK DUH IRXQGHG RQ WKH FHOO VL]H UDGLXV 6LQFH SURSDJDWLRQ FRQGLWLRQV LQ
VXEXUEDQ DQG UXUDO DUHDV DUH PRUH IDYRUDEOH WKDQ LQ FLWLHV WKHVH XUEDQ PRGHOV JHQHUDOO\
VKRZZRUVWFDVH SURSDJDWLRQ FRQGLWLRQV 7KH ILUVW PRGHO LV WKH XUEDQ PDFURFHOOV *HQHUDO
PDFURFHOOV DUH UHODWHG WR FHOOV LQ FLW\ FHQWHUV ZKHUH WKH EDVH VWDWLRQV DUH SODFHG RQ WKH WRSV
RI WDOO EXLOGLQJV DQG WUDQVPLW HQRXJK SRZHU WR FRYHU DERXW  P   NP >@
1RZ LI DOO SDUDPHWHUV VFDOH ZLWK GLVWDQFH WKHQ E\ VKULQNLQJ WKH VL]H RI D FHOO E\
D IDFWRU RI 1 ZH FDQ DFFRPPRGDWH 1 WLPHV PRUH XVHUV LQ D JLYHQ DUHD VLQFH HDFK FHOO
DFFRPPRGDWHV WKH VDPH QXPEHU RI XVHUV LQ D VPDOOHU DUHD +RZHYHU LQ RUGHU WR VKULQN
WKH FHOO VL]H UDGLXV WR VPDOOHU VL]H WKH EDVH VWDWLRQV PXVW WUDQVPLW DW D PXFK ORZHU SRZHU
WKDQ LQ PDFURFHOOV DQG WKHUHIRUH PXVW EH SODFHG FORVHU WR WKH JURXQG )URP WKH SUHYLRXV
VHFWLRQ ZH NQRZ WKDW ORZHU DQWHQQD SODFHPHQW IXQGDPHQWDOO\ FKDQJHV WKH PHFKDQLVP
RI VLJQDO SURSDJDWLRQ :H WKHUHIRUH XVH D VPDOOHU FHOO VL]H UDGLXV PLFURFHOOV PRGHO
IRU WKH FDVH ZKHQ WKH WUDQVPLWWHUV DQWHQQDV DUH OHVV WKDQ  P KLJK 7UDQVPLW SRZHU LQ
PLFURFHOOV LV JHQHUDOO\ VXIILFLHQW WR FRYHU DERXW D  P WKLV FHOO GLDPHWHU LV FKRVHQ VLQFH
LW FRUUHVSRQGV WR WKH SRLQW DW ZKLFK WKH SRZHU IDOORII RI D WUDQVPLWWHG VLJQDO YHUVXV GLVWDQFH
LQFUHDVHV IURP U2 WR U4 WKHUHE\ VLJQLILFDQWO\ UHGXFLQJ WKH SRZHU IURP GLVWDQW LQWHUIHUHUV
,Q FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKHUH DUH WZR WUDQVPLVVLRQ OLQNV 06
WR WKH %6 ZKLFK ZH ZLOO UHIHU WR DV WKH XSOLQN DQG %6 WR 06 ZKLFK ZH ZLOO UHIHU WR DV WKH
GRZQOLQN 7KH XSOLQNV DUH VHSDUDWHG LQ IUHTXHQF\ IURP WKH GRZQOLQN VR WKH %6¶V LQWHUIHUH
ZLWK HDFK RWKHU EXW QRW ZLWK WKH 06¶V DQG YLFH YHUVD )URP WKH SUHYLRXV VHFWLRQV EDVHG
RQ H[LVWLQJ PRGHOV >@ ERWK HPSLULFDO DQG DQDO\WLFDO WKH LQWHUIHUHQFH LV JHQHUDOO\ PXFK
JUHDWHU WKDQ WKH UHFHLYHU QRLVH WKHUHIRUH DV VWDWHG HDUO\ UHFHLYHU QRLVH ZLOO EH QHJOHFWHG
LQ RXU V\VWHP PRGHOV DQG DQDO\VLV

&HOOXODU :LUHOHVV &KDQQHOV
 0DFURFHOOV :LUHOHVV &KDQQHO
7KH FRQYHQWLRQDO PDFURFHOO PRGHO UHTXLUHV SURSDJDWLRQ FKDUDFWHULVWLFV IRU ERWK WKH WUDQV
PLWWHG VLJQDO ZLWKLQ WKH FHOO DQG WKH LQWHUIHUHQFH IURP RWKHU FHOOV 1RZ EXLOGLQJ FRQFHQ
WUDWLRQ LQ XUEDQ HQYLURQPHQW LV GHQVH WKXV ERWK WUDQVPLWWHG DQG LQWHUIHULQJ VLJQDOV DUH
EORFNHG RU UHIOHFWHG IURP ORWV RI REMHFWV 7KHUHIRUH WKH VWDWLVWLFDO SURSDJDWLRQ PRGHO GH
VFULEH HDUOLHU DSSOLHV WR PDFURFHOOV :KHQ WKH UDGLDWHG SRZHU WHQGV WR IRUP DSSUR[LPDWHO\
FLUFXODU FRQWRXUV LVRWURSLF DQWHQQD WKH ORQJWHUP UHFHLYHG VLJQDO YDULDWLRQ LQ ERWK GLUHF
WLRQ RI WKH WUDQVPLVVLRQ OLQN LV FORVHO\ DSSUR[LPDWHG E\ D IUHHVSDFH SURSDJDWLRQ PRGHO
ZLWK DGGLWLRQDO ORJQRUPDO VKDGRZLQJ 7KXV WKH UHFHLYHG VLJQDO SRZHU DYHUDJHG RYHU
PXOWLSDWK IDGLQJ LV PRGHOOHG E\ >@
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ZKHUH 6u LV WKH WUDQVPLWWHG VLJQDO SRZHU $ LV PHGLDQ SDWK ORVV DW U   NP U LV WKH %6
 06 VHSDUDWLRQ LQ NP α LV WKH SURSDJDWLRQ H[SRQHQW DQG 9 LV D ORJQRUPDO VKDGRZ
IDGLQJ YDULDWLRQ ZLWK W\SLFDO YDULDQFH IRU XUEDQ HQYLURQPHQW UDQJLQJ EHWZHHQ    G%
)RU D PDFURFHOO D JLYHQ DUHD LV FRYHUHG ZLWK QRQRYHUODSSLQJ FHOOV DQG KH[DJRQDO FHOO
VKDSH LV XVHG DV WKH FORVHVW WHVVHOODWLQJ VKDSH WR D FLUFOH DV VKRZQ HDUO\ LQ )LJXUH 
)RU WKH FDVH RI QDUURZEDQG WUDQVPLVVLRQV LQ D PDFURFHOO QHWZRUN WKH VKRUWWHUP
IOXFWXDWLRQ RI ERWK WKH GHVLUHG DQG LQWHUIHULQJ VLJQDO HQYHORSHV JHQHUDOO\ IROORZV D5D\OHLJK
GLVWULEXWLRQ >@ +RZHYHU LI WKH WUDQVPLWWHG VLJQDO KDV D /26 SDWK WR WKH UHFHLYHU WKHQ
WKH IOXFWXDWLRQ RI WKH GHVLUHG VLJQDO LV 5LFLDQ >@ )RU WKH FRQYHQWLRQDO PDFURFHOO WKH
QXPEHU RI LQWHUIHULQJ VLJQDOV LV UDQGRP EXW QRUPDOO\ RQO\ WKH LQWHUIHUHQFHV LQ WKH ILUVW
FORVHVW ULQJ ILUVW WLHU RI FHOOV DUH WDNHQ LQWR DFFRXQW DQG DOO RWKHUV DUH FRQVLGHUHG WR EH
QHJOLJLEOH DV VKRZQ LQ )LJXUH  IRU D PDFURFHOO VLWH OD\RXW ZLWK D FOXVWHU VL]H RI VHYHQ
)RU WKH XSOLQN WKH GLVWDQFH EHWZHHQ DQ LQWHUIHULQJ DQG D WUDQVPLWWLQJ %6 LV NQRZQ ZKLOVW
LQ WKH FDVH RI WKH GRZQOLQN EHFDXVH 06 PD\ EH DQ\ZKHUH ZLWKLQ WKH FHOO WKH LQWHUIHULQJ
SRZHU LV D UDQGRP YDULDEOH +RZHYHU LQ WKLV WKHVLV RXU ZRUN LV UHODWHG WR VPDOOHU FHOO VL]H
PLFURFHOO FHOOXODU ZLUHOHVV QHWZRUNV ZKLFK ZH GLVFXVV LQ WKH IROORZLQJ VHFWLRQ

,QWHUIHUHQFH LQ &HOOXODU :LUHOHVV 6\VWHPV
 0LFURFHOOV :LUHOHVV &KDQQHO
*HQHUDOO\ VPDOOHU FHOO VL]H UDGLXV FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DUH WR SURYLGH
D KLJK VSHFWUDO HIILFLHQF\ WR FRXQWHUEDODQFH WKHLU ODUJH FRVW GXH WR WKH QXPEHU RI %6V¶ UH
TXLUHG )RU D PLFURFHOOXODU QHWZRUN WKHUH DUH WZR W\SHV RI SURSDJDWLRQ /26 SURSDJDWLRQ
ZKLFK LV SURSDJDWLRQ EHWZHHQ %6V DQG 06V ZLWK GLUHFW SDWK EHWZHHQ WKHP DQG QRQ/26
SURSDJDWLRQ ZKLFK LV WKH FDVH ZKHUH WKHUH LV QR /26 SDWK ,Q WKH QRQ/26 SURSDJDWLRQ
WKH VLJQDO PXVW ³EHQG´ DURXQG DQ REVWDFOH VXFK DV D FRUQHU RU FRUQHUV YLD GLIIUDFWLRQ VFDW
WHULQJ RU UHIOHFWLRQ WR UHDFK WKH LQWHQGHG UHFHLYHU $V GLVFXVVHG LQ HDUOLHU VHFWLRQV /26
SURSDJDWLRQ LQ PLFURFHOOV FDQ EH DFFXUDWHO\ PRGHOOHG ZLWK WKH WZRUD\ PRGHO +RZHYHU
LW LV GLIILFXOW WR XVH UD\ WUDFLQJ WR PRGHO QRQ/26 SURSDJDWLRQ EHFDXVH LW UHTXLUHV GHWDLOHG
LQIRUPDWLRQ DERXW WKH EXLOGLQJ DQG VWUHHW OD\RXW JHRPHWU\ DQG GLHOHFWULF SURSHUWLHV 7KLV
LQIRUPDWLRQ UHTXLUHV ILHOG PHDVXUHPHQWV IRU WKH SDUWLFXODU FHOO RI LQWHUHVW DQG WKH UHVXOWLQJ
PRGHO ZLOO RQO\ DSSO\ WR WKDW SDUWLFXODU FHOO VLWH
+RZHYHU D PRUH JHQHUDO PRGHO IRU QRQ/26 IRU FLWLHV ZLWK UHFWLOLQHDU VWUHHW OD\
RXWV ZDV GHYHORSHG LQ >@ 7KLV PHDVXUHPHQWEDVHG PRGHO ZDV REWDLQHG IURP GDWD FRO
OHFWHG LQ 0DQKDWWDQ DW  0+] 7KH PRGHO LQFOXGHV D SUHGLFWLRQ PHWKRG IRU WKH PHDQ
DYHUDJH SRZHU DQG D VWDWLVWLFDO PRGHO IRU ERWK VKRUWWHUP DQG ORQJWHUP YDULDWLRQV DERXW
WKLV PHDQ ,Q WKLV WKHVLV ZH QHJOHFW QRQ/26 LQ RXU PRGHO EHFDXVH XVHUV LQ WKH QRQ/26
FRQGLWLRQ UHSUHVHQW OHVV WKDQ  RI WKH /26 LQWHUIHUHQFH >@
 ,QWHUIHUHQFH LQ &HOOXODU :LUHOHVV 6\VWHPV
,Q WKH SUHYLRXV VHFWLRQV ZH GLVFXVVHG WKDW WKH VSHFWUDO HIILFLHQF\ RYHU D JHRJUDSKLFDO DUHD
IRU SDUWLWLRQ WHFKQLTXHV VXFK DV )'0$7'0$ FDQ EH LQFUHDVHG E\ UHXVLQJ WKH VDPH
IUHTXHQF\ RU WLPH VORW DW VSDWLDOO\ ORFDWHG FHOOV ZKHUH WKH SRZHU IDOORII ZLWK GLVWDQFH PLQ
LPL]HV WKH HIIHFW RI LQWHUFHOO LQWHUIHUHQFH 7KH H[WHQW RI WKH LQWHUFHOO LQWHUIHUHQFH GHSHQGV
RQ ERWK WKH GLVWDQFH EHWZHHQ WKH LQWHUIHULQJ WUDQVPLWWHUV DQG WKH LQWHQGHG UHFHLYHU DV ZHOO
DV WKH SURSDJDWLRQ ODZV JRYHUQLQJ WKH LQWHUIHUHUV¶ WUDQVPLVVLRQV
,Q D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP PRGHO LQWHUIHUHQFH GLVWULEXWLRQ LV
QRUPDOO\ DVVXPHG WR EH *DXVVLDQ 7KLV DVVXPSWLRQ LV UHDVRQDEOH IRU &'0$ V\VWHPV DV

,QWHUIHUHQFH LQ &HOOXODU :LUHOHVV 6\VWHPV
WKHUH DUH PDQ\ LQWUDFHOO DQG LQWHUFHOO LQWHUIHUHUV KHQFH WKH *DXVVLDQ GLVWULEXWLRQ IROORZV
IURP WKH ODZ RI ODUJH QXPEHUV +RZHYHU ZLWK )'0$ RU 7'0$ WKHUH DUH RQO\ D IHZ DF
WLYH LQWHUIHUHUV WKHUHIRUH WKH ZKLWH QRLVH DVVXPSWLRQ LV JHQHUDOO\ QRW YDOLG ,Q LQIRUPDWLRQ
FDSDFLW\ FDOFXODWLRQV *DXVVLDQ LQWHUIHUHQFH LV D ZRUVWFDVH QRLVH DVVXPSWLRQ +RZHYHU
PRVW FHOOXODU V\VWHP DUH LQWHUIHUHQFH OLPLWHG ZKLFK PHDQV WKDW WKH UHFHLYHU QRLVH SRZHU LV
PXFK OHVV WKDQ WKH LQWHUIHUHQFH SRZHU KHQFH FDQ EH QHJOHFWHG >@ ,I WKH FHOOXODU V\VWHP
LV FRQVLGHUHG WR EH LQWHUIHUHQFH OLPLWHG ZKLFK LV WKH FDVH LQ WKLV WKHVLV WKHQ IRU PXOWL
SOH XVHUV XVLQJ WKH VDPH FDUULHU IUHTXHQF\ WKH FDUULHUWRLQWHUIHUHQFH UDWLR &,5 LV XVHG
WR PHDVXUH WKH DPRXQW RI LQWHUIHUHQFH RYHU D VSHFLILHG FDUULHU )RU FRQYHQWLRQDO FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ V\VWHP WKH &,5 LV JLYHQ DV
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ZKHUH & LV WKH FDUULHU SRZHU DQG , WKH LQWHUIHULQJ SRZHU 1 I LV WKH QXPEHU RI FRFKDQQHO
LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU )RU WKH FRQYHQWLRQDO FHOOXODU ZLUHOHVV V\VWHP RWKHU WLHU
FRFKDQQHO LQWHUIHUHQFHV DUH QHJOHFWHG ZKLFK KROGV EHFDXVH FDUULHU IUHTXHQFLHV DUH OHVV
WKDQ  *+] DQG FHOO VL]H UDGLXV DUH  NP PLOH DQG DERYH >@ +RZHYHU IRU HPHUJLQJ
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV FDUULHU IUHTXHQFLHV DUH JUHDWHU WKDQ  *+] DQG
FHOO VL]H UDGLL DUH OHVV WKDQ  NP >  @ 7KHUHIRUH WKHUH LV D QHHG WR SURSRVH D QHZ
FRFKDQQHO LQWHUIHUHQFH PRGHO IRU HPHUJLQJ FHOOXODU V\VWHP ZKLFK LV RQH RI WKH DLPV RI
WKLV WKHVLV
)RU WKH FRQYHQWLRQDO FHOOXODU V\VWHP ZKHUH QRLVH LV QHJOHFWHG WKH &,5 LV JLYHQ
E\ >@
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ZKHUH α LV WKH SDWK ORVV H[SRQHQW ' LV WKH IUHTXHQF\ UHXVH GLVWDQFH DQG 5 LV WKH UDGLXV RI
WKH FHOOV ZKLFK LV GHILQHG DV WKH GLVWDQFH IURP WKH FHQWUH RI WKH FHOO WR DQ\ RI LWV YHUWLFHV ,Q
WKH QH[W VHFWLRQ ZH ZLOO GHILQH WKH DUHD VSHFWUDO HIILFLHQF\ ZKLFK TXDQWLILHV WKH HIIHFW RI
FRFKDQQHO LQWHUIHUHQFH RQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LQIRUPDWLRQ FDSDFLW\
$UHD VSHFWUDO HIILFLHQF\ LV XVHG LQ WKLV WKHVLV IRU RXU LQIRUPDWLRQ FDSDFLW\ DQDO\VLV

&HOOXODU :LUHOHVV 6\VWHP ,QIRUPDWLRQ &DSDFLW\
)LJXUH  5HXVH GLVWDQFH RI D IUHTXHQF\ GLYLVLRQ FHOOXODU ZLUHOHVV V\VWHP VKRZLQJ IUH
TXHQF\ FKDQQHOV I 1 I 2 I 3 I 4 I 5 I 6 DQG I 7
 &HOOXODU :LUHOHVV 6\VWHP ,QIRUPDWLRQ &DSDFLW\
,Q WKLV VHFWLRQ ZH JLYH D EULHI UHYLHZ RI VSHFWUDO HIILFLHQF\ DQG GHILQH DUHD VSHFWUDO HI
ILFLHQF\ ZKLFK ZH XVHG IRU RXU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV 7KH LQIRU
PDWLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV V\VWHP LV DQ LPSRUWDQW PHDVXUH LQ GHVLJQLQJ DQG
FRPSDULQJ WKH SHUIRUPDQFH RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7KH XOWLPDWH LQIRUPD
WLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV GLUHFWO\ UHODWHG WR LWV VSHFWUDO
HIILFLHQF\ IRU D JLYHQ TXDOLW\ RI VHUYLFH >@ 7KH VSHFWUDO HIILFLHQF\ RI D FHOOXODU ZLUHOHVV
V\VWHP GHSHQGV RQ D QXPEHU RI SDUDPHWHUV VXFK DV WKH QXPEHU RI UDGLR FKDQQHOV UHTXLUHG
SHU FHOO DQG WKH LQWHUIHULQJ HQYLURQPHQW
7KH VSHFWUDO HIILFLHQF\ RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP FDQ EH H[
SUHVVHG LQ D QXPEHU RI ZD\V VXFK DV (UODQJV SHU VTXDUH NLORPHWHU QXPEHU RI XVHUV SHU
VTXDUH NLORPHWHU DQG WKH PD[LPXP DYHUDJH GDWD UDWHV SHU XQLW EDQGZLGWK SHU XQLW DUHD
,Q WKLV WKHVLV IRU WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV ZH KDYH DGRSWHG WKH
DUHD VSHFWUDO HIILFLHQF\ JLYHQ E\ >@ 7KH DUHD VSHFWUDO HIILFLHQF\ RI D FHOO LV GHILQHG DV
WKH WRWDO ELW UDWH+]XQLW DUHD WKDW LV VXSSRUWHG E\ D FHOO¶V %6 7KLV GHILQLWLRQ JLYHV D PRUH
FRPSOHWH SLFWXUH RI WKH VSHFWUDO HIILFLHQF\ E\ H[SUHVVLQJ LW LQ WHUPV RI ELW UDWHV EDQGZLGWK

6XPPDU\
DQG DUHD
,I D FHOO VL]H UDGLXV LV QRUPDOL]HG WR RQH DQG WKH UHXVH GLVWDQFH 5D LV GHILQHG DV WKH
PLQLPXP GLVWDQFH EHWZHHQ DQ\ WZR %6V WKDW XVH WKH VDPH FRGH IUHTXHQF\ RU WLPH VORW
VLQFH D FRGH WLPH VORW RU IUHTXHQF\ LV UHXVHG DW D GLVWDQFH 5D DV LOOXVWUDWHG LQ )LJXUH 
WKH DUHD FRYHUHG E\ RQH RI WKHVH SDUWLWLRQV LV DERXW π5D2 7KH DUHD VSHFWUDO HIILFLHQF\
LV DSSUR[LPDWHG E\ >@ DV
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ZKHUH 1 LV WKH WRWDO QXPEHU RI XVHUV SHU FHOO 5k LV WKH GDWD UDWH RI WKH NWK XVHU DQG % LV
WKH EDQGZLGWK RFFXSLHG E\ HDFK XVHU 7KH HTXDWLRQ  VKRZV WKDW UHGXFLQJ WKH UHXVH
GLVWDQFH WKDW LV UHGXFLQJ FHOO VL]H UDGLXV ZLWKRXW DOWHULQJ 5kV OHDGV WR DQ LQFUHDVH LQ LQ
IRUPDWLRQ FDSDFLW\ +RZHYHU UHGXFLQJ WKH UHXVH GLVWDQFH LQFUHDVHV LQWHUFHOO LQWHUIHUHQFH
EHFDXVH LQWHUIHUHQFH WUDYHOV D VKRUWHU GLVWDQFH
 6XPPDU\
,Q WKLV FKDSWHU ZH KDYH JLYHQ D EULHI UHYLHZ RI WKH FHOOXODU ZLUHOHVV FRQFHSW D GHVFULSWLRQ
RI IUHTXHQF\ UHXVH DQG FHOO VSOLWWLQJ IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHPV :H KDYH DOVR VWDWHG VRPH RI WKH LPSHGLPHQWV WR UHOLDEOH FRP
PXQLFDWLRQ RYHU ZLUHOHVV FKDQQHOV ZKLFK LQFOXGH PXOWLSDWK VKDGRZLQJ DQG LQWHUIHUHQFH
7KH WZRUD\ WUDFLQJ WHFKQLTXHV ZKLFK VSHFLILFDOO\ FDOFXODWH WKH DWWHQXDWLRQ DQG SKDVH RI
HDFK UHFHLYHG VLJQDO SRZHU SDWK IRU XUEDQ DUHDV IRXQGHG RQ WKH JHRPHWULFDO FRQILJXUDWLRQ
RI WKH WUDQVPLWWHU UHFHLYHU DQG VXUURXQGLQJ EXLOGLQJV ZDV DOVR GHVFULEHG
7KH FKDSWHU ZDV FRQFOXGHG E\ GHILQLQJ WKH DUHD VSHFWUDO HIILFLHQF\ ZKLFK LV XVHG
IRU WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV DV WKH GDWD UDWH+]XQLW DUHD 7KH IRU
PXOD IRU WKH DUHD VSHFWUDO HIILFLHQF\ LQWURGXFHG LQFOXGHV WKH HIIHFW RI LQWHUIHUHQFH LQ WKH
GDWD UDWH FDOFXODWLRQ ,Q WKH IROORZLQJ FKDSWHU DQ LQGXFWLYH DSSURDFK LV XVHG WR JHQHUDWH
D IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ D JLYHQ WLHU RI D
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP VLWH OD\RXW :H DOVR SURSRVHG D FRFKDQQHO LQWHU
IHUHQFH PRGHO IRU HPHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQV V\VWHP ZKLFK
ZLOO EH RSHUDWLQJ DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG VPDOOHU FHOO VL]H UDGLXV

&KDSWHU 
3URSRVHG )RUPXOD WR &DOFXODWH 1XPEHU
RI &RFKDQQHO ,QWHUIHULQJ &HOOV LQ
&HOOXODU 6\VWHP 6LWH /D\RXW DQG
&RFKDQQHO ,QWHUIHUHQFH 0RGHO IRU 7ZR
7LHU &RFKDQQHO &HOOV

,QWURGXFWLRQ
 ,QWURGXFWLRQ
,Q WKLV FKDSWHU DQ LQGXFWLYH DSSURDFK LV XVHG WR JHQHUDWH D IRUPXOD IRU FDOFXODWLQJ WKH
QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ D JLYHQ WLHU RI D FHOOXODU ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP VLWH OD\RXW &RFKDQQHO LQWHUIHUHQFH LV D SULPDU\ LPSHGLPHQW LQ IUHTXHQF\
UHXVH V\VWHP 7KH JRDO RI WKLV FKDSWHU LV WR SURSRVH D FRFKDQQHO LQWHUIHUHQFH PRGHO IRU
HPHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQV V\VWHP (PHUJLQJ DQG IXWXUH FHO
OXODU ZLUHOHVV V\VWHPV DUH H[SHFWHG WR RSHUDWH DW D FDUULHU IUHTXHQF\ KLJKHU WKDQ  *+] DQG
VPDOOHU FHOO VL]H UDGLXV OHVV WKDQ  P 7KH SURSRVHG FRFKDQQHO LQWHUIHUHQFH PRGHO
LQFOXGHV ERWK WKH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 7KH SURSRVHG LQWHUIHU
HQFH PRGHO LV XVHG IRU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV IRU HPHUJLQJ DQG IXWXUH
FHOOXODU ZLUHOHVV V\VWHPV LQ VXEVHTXHQW FKDSWHUV RI WKH WKHVLV 7KH JHRPHWULFDO GHULYDWLRQ
VKRZV WKDW WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ D VSHFLILF WLHU LV WKH SURGXFW RI
WKH WLHU QXPEHU DQG WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU
7KH FHOOXODU V\VWHP ZDV WKH LQLWLDO SKLORVRSKHU¶V VWRQH RI ZLUHOHVV FRPPXQLFDWLRQ
FDOOHG XSRQ WR WUDQVIRUP ZLUHOHVV GHYHORSPHQW LQWR UHDOLW\ ,QLWLDOO\ WKH WRWDO QXPEHU RI
UDGLR FKDQQHOV RIIHUHG WR D ODQG PRELOH V\VWHP ZDV QRW HQRXJK 7KHUHIRUH D VDWLVIDFWRU\
VHUYLFH ZDV QRW SURYLGHG ZLWKLQ D PHWURSROLWDQ DUHD RQ D ODUJH FRYHUDJH DUHD EDVLV +RZ
HYHU WKH QXPEHU RI FKDQQHOV SHU XQLW DUHD ZDV LQFUHDVHG E\ XVLQJ WKH VDPH UDGLR FKDQQHOV
LQ D VPDOO UDGLR FRYHUDJH DUHD RI FHOOV ZLWKLQ PHWURSROLWDQ DUHDV 7KH VDPH UDGLR FKDQQHOV
DUH VHSDUDWHG VXIILFLHQWO\ VSDWLDOO\ VR WKDW FRFKDQQHO FHOOV DUH DW D UHDVRQDEOH GLVWDQFH
WR DYRLG FRFKDQQHO LQWHUIHUHQFH ZKLFK UHGXFHV WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI
FHOOXODU V\VWHPV >@
,Q RUGHU WR HQVXUH WKDW FRFKDQQHO FHOOV DUH UHDVRQDEO\ VSDFHG WR DYRLG FRFKDQQHO
LQWHUIHUHQFH SUREOHP FHOOXODU VLWH OD\RXW LV DQ LPSRUWDQW VWHS LQ WKH GHVLJQ GHSOR\PHQW
DQG PDQDJHPHQW RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ QHWZRUNV +RZHYHU IRU FRQYHQ
WLRQDO FHOOXODU V\VWHPV ZKLFK KDYH ODUJH FHOO VL]H ODUJH EDVLF SDWK ORVV H[SRQHQW DQG
RSHUDWHV DW ORZHU FDUULHU IUHTXHQFLHV RQO\ WKH ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH
FHOO VLWH OD\RXW ZHUH FRQVLGHUHG LQ LQWHUIHUHQFH PRGHOOLQJ $OO RWKHU FRFKDQQHO LQWHUIHULQJ
FHOOV LQ VXEVHTXHQW WLHUV ZHUH FRQVLGHUHG WR EH QHJOLJLEOH (PHUJLQJ DQG IXWXUH ZLUHOHVV
QHWZRUNV DUH H[SHFWHG WR RSHUDWH DW PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ *+] WKXV

,QWURGXFWLRQ
HQDEOLQJ VPDOOHU FHOO VL]H UDGLXV DQG VPDOOHU SDWK ORVV H[SRQHQW >@ $W KLJKHU FDUULHU IUH
TXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV VHFRQG WLHU DQG RWKHU WLHUV RI FRFKDQQHO LQWHUIHUHQFH
PD\ EHFRPH DFWLYH >@ &RFKDQQHO LQWHUIHUHQFHPRGHOOLQJ DQG LQIRUPDWLRQ FDSDFLW\ SHU
IRUPDQFH DQDO\VLV LV LPSRUWDQW IRU QH[W JHQHUDWLRQ FHOOXODU ZLUHOHVV V\VWHPV EHFDXVH RI
WKH H[SHFWHG XVH RI KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV >@ 7KHUH LV D
QHHG WKHUHIRUH WR SURSRVH D FRFKDQQHO LQWHUIHUHQFH PRGHO 7KH SURSRVHG FRFKDQQHO LQ
WHUIHUHQFH PRGHO LV XVHG IRU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV IRU HPHUJLQJ DQG
IXWXUH FHOOXODU ZLUHOHVV V\VWHP H[SHFWHG WR RSHUDWH DW KLJKHU PLFURZDYH FDUULHU IUHTXHQ
FLHV DQG VPDOOHU FHOO VL]H UDGLXV 7KH SURSRVHG FRFKDQQHO LQWHUIHUHQFH PRGHO LQFOXGHV WKH
ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 7R EH DEOH WR SURSRVH WKH QHZ FRFKDQQHO
LQWHUIHUHQFH PRGHO WKHUH LV D QHHG WR ILQG WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ D
JLYHQ WLHU RI D FHOOXODU VLWH OD\RXW ,Q >    @ WKH QXPEHU RI FRFKDQQHO FHOOV LQ
WKH ILUVW VHFRQG DQG LQ VRPH FDVHV WKH WKLUG WLHU ZHUH JLYHQ IRU GLIIHUHQW WHVVHOODWLRQV RI
SODQDU UHJLRQV +RZHYHU WKHUH DUH QR H[SODQDWLRQ IRUPXOD RU SURRI IRU KRZ WKH QXPEHU
RI VXEVHTXHQW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV ZHUH REWDLQHG
:H ZHUH WKHUHIRUH PRWLYDWHG WR SURSRVH D IRUPXOD IRU GHWHUPLQLQJ WKH QXPEHU RI
FRFKDQQHO LQWHUIHULQJ FHOOV LQ VXEVHTXHQW WLHUV 7KH SURSRVHG IRUPXOD HQDEOHV XV WR GHULYH
WKH SURSRVHG LQWHUIHUHQFH PRGHO 7KH SURSRVHG LQWHUIHUHQFH PRGHO ZDV WKHQ XVHG IRU WKH
LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV DQG ILQGLQJ WKH PLQLPXP FHOO VL]H IRU XSOLQN
LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ D FHOOXODU ZLUHOHVV V\VWHP LQ WKH VXEVHTXHQW FKDSWHU RI
WKH WKHVLV 7KH PDLQ FRQWULEXWLRQ LQ WKLV FKDSWHU LV VXPPDUL]HG DV IROORZV
 $Q LQGXFWLYH DSSURDFK LV XVHG WR JHQHUDWH D IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI
FRFKDQQHO LQWHUIHULQJ FHOOV EH\RQG WKH ILUVW WLHU 7KH GHULYDWLRQ RI WKH IRUPXOD LQ
WKLV FKDSWHU PRWLYDWHV WKH LQFOXVLRQ RI RWKHU WLHU FRFKDQQHO LQWHUIHULQJ FHOOV L LQ
WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV RI FHOOXODU ZLUHOHVV QHWZRUNV DQG LL
ILQGLQJ D WKHRUHWLFDO OLPLW WR FHOO VL]H UDGLXV UHGXFWLRQ LQ FHOOXODU ZLUHOHVV FRPPX
QLFDWLRQ V\VWHPV
 $ FRFKDQQHO LQWHUIHUHQFH PRGHO ZKLFK LQFOXGHV ERWK WKH ILUVW DQG VHFRQG WLHU FR
FKDQQHO LQWHUIHULQJ FHOOV LV SURSRVHG 7KH SURSRVHG FRFKDQQHO LQWHUIHUHQFHPRGHO LV
XVHG IRU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV IRU HPHUJLQJ DQG IXWXUH FHOOXODU

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV LQ VXEVHTXHQW FKDSWHUV RI WKH WKHVLV
7KH UHPDLQGHU RI WKLV FKDSWHU LV RUJDQL]HG DV IROORZV LQ &KDSWHU  ZH GHVFULEH
WKH GLIIHUHQW WHVVHOODWLRQ RI SODQDU UHJLRQV ZKLFK FDQ EH XVHG IRU WZRGLPHQVLRQDO VLWH
OD\RXW IRU VPDOOHU VL]H FHOOXODU V\VWHPV $ IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FR
FKDQQHO LQWHUIHULQJ FHOOV LQ D JLYHQ WLHU RI D FHOOXODU VLWH OD\RXW LV SURGXFHG E\ DQ LQGXF
WLYH DSSURDFK &KDSWHU  GHVFULEHV WKH JHQHUDO V\VWHP PRGHOV DQG RXWOLQHV WKH EDVLF
DVVXPSWLRQV XVHG LQ PRGHOOLQJ WKH SURSRVHG FRFKDQQHO LQWHUIHUHQFH WR WDNH LQWR DFFRXQW
WKH HIIHFW RI VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH
RI FHOOXODU ZLUHOHVV V\VWHPV RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO UDGLL
,Q &KDSWHU  D FDUULHUWRLQWHUIHUHQFH UDWLR &,5 LV ZRUNHG RXW XVLQJ SDWK ORVV IRUPXOD
IRU /26 HQYLURQPHQW )LQDOO\ LQ &KDSWHU  D VXPPDU\ RI WKH FKDSWHU LV SUHVHQWHG $
SRUWLRQ RI WKH ZRUN SUHVHQWHG LQ WKLV FKDSWHU LV SXEOLVKHG LQ > @
 )UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
7KH FHOOXODU V\VWHP LV SDUWO\ XVHG WR DFKLHYH VSHFWUXP HIILFLHQF\ E\ UHXVLQJ IUHTXHQFLHV
DW VSDWLDOO\VHSDUDWHG FHOOV ,Q SODQQLQJ FHOOXODU V\VWHPV WKH ZKROH VHUYLFH DUHD LV GLYLGHG
LQWR QRQRYHUODSSLQJ FHOOV 7KH QRQRYHUODSSLQJ FHOOV FRYHU WKH VHUYLFH DUHD ZLWKRXW JDSV
DQG HDFK FHOO LV FRYHUHG E\ D EDVH VWDWLRQ VLWH $ EDVH VWDWLRQ VLWH LQ WKH FHQWHU RI D FHOO LV
GHSLFWHG IRU D KH[DJRQDO VLWH OD\RXW LQ )LJXUH  7KH GLVWULEXWLRQ RI IUHTXHQF\ FKDQQHOV
LQ D FHOOXODU ZLUHOHVV V\VWHP GHSHQGV RQ SDUDPHWHUV VXFK DV VLJQDO LQWHUIHUHQFH VLJQDO
SURSDJDWLRQ FKDUDFWHULVWLFV DQG FHOOXODU JHRPHWU\ 7KH FHOOV DUH DOORFDWHG D VXEVHW RI WKH
DYDLODEOH UDGLR VSHFWUXP VXFK WKDW WKH VDPH IUHTXHQF\ FHOOV DUH VXIILFLHQWO\ VSDWLDOO\ VHS
DUDWHG 7KXV WKH VSHFWUXP LV GLYLGHG LQWR . GLVMRLQW VXEVHWV DQG HDFK FHOO LV JLYHQ DPRQJ
WKHVH VXEVHWV 1RZ LI . LV RQH RI WKH QXPEHUV {1, 3, 4, 7, 9, 12, 13, 16, 19, 21, . . . } WKHQ
WKH VSHFWUXP FDQ EH GLVWULEXWHG LQ VXFK D PDQQHU WKDW IRU D KH[DJRQDO VLWH OD\RXW HYHU\
FHOO KDV D ILUVW WLHU RI VL[ FRFKDQQHO LQWHUIHULQJ FHOOV FHOOV XVLQJ WKH VDPH FKDQQHO VHW
$ VHW RI FRQYHQLHQW FRRUGLQDWH V\VWHPV ZDV LQWURGXFHG E\ 0DF 'RQDOG LQ 
IRU D KH[DJRQDO JHRPHWULFDO FHOO VLWH OD\RXW >@ )LJXUH  LOOXVWUDWHV WKH FRQYHQLHQW FR
RUGLQDWH V\VWHP DQG LW VKRZV WKDW WKH SRVLWLYH KDOYHV RI WKH WZR D[HV LQWHUVHFW DW D GHJUHH
DQJOH 7KH XQLW GLVWDQFH DORQJ HLWKHU D[LV LV JLYHQ E\ WKH SURGXFW RI√3 DQG WKH

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  &HOOXODU ZLUHOHVV V\VWHP VLWH FRYHUDJH OD\RXW IRU D KH[DJRQDO WHVVHOODWLRQ
   FRYHUDJH DUHD XQGHU FRQVLGHUDWLRQ UHIHUHQFH FHOO
   ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
   VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
   WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
 '  GLVWDQFH EHWZHHQ FHOO FHQWHUV
 $%&()*  FRYHUDJH DUHDV XVLQJ IUHTXHQFLHV GLIIHUHQW IURP WKH UHIHUHQFH FHOO

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  &RRUGLQDWHV IRU KH[DJRQDO JHRPHWU\ VLWH OD\RXW LQ D FHOOXODU ZLUHOHVV V\VWHP
FHOO VL]H UDGLXV 5 √35 ZKHUH 5 FRUUHVSRQGV WR WKH GLVWDQFH IURP WKH FHQWHU RI D FHOO WR
DQ\ RI LWV YHUWLFHV 7KH FRRUGLQDWHV RI DQ DUUD\ RI FHOOV DUH DUUDQJHG VXFK WKDW WKH FHQWHU
RI HYHU\ FHOO IDOOV DW D SRLQW VSHFLILHG E\ D SDLU RI LQWHJHU FRRUGLQDWHV 7KH UHXVH GLVWDQFH
' EHWZHHQ WKH RULJLQ $ WR DQ\ FHOO FHQWHU $1 LV JLYHQ E\
D =
√
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ZKHUH L DQG M DUH SRVLWLYH LQWHJHUV
 &HOOXODU :LUHOHVV 6\VWHP 6LWH /D\RXW
&HOOXODU VLWH OD\RXW SDWWHUQV DUH XVXDOO\ UHSUHVHQWHG E\ HLWKHU HTXLODWHUDO WULDQJOHV VTXDUHV
RU UHJXODU KH[DJRQV DV WKH\ DUH WKH RQO\ UHJXODU SRO\JRQV WKDW WHVVHOODWH LQ SODQDU UH
JLRQ >@ ,Q WKH GHULYDWLRQ RI WKH IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHU
IHULQJ FHOOV LQ WKLV FKDSWHU DOO WKH WKUHH FHOOXODU VLWH OD\RXW SDWWHUQV DUH DVVXPHG 5HXVLQJ
IUHTXHQFLHV DW VSDWLDOO\VHSDUDWHG FHOOV LQ D FHOOXODU V\VWHP LQWURGXFHV LQWHUFHOO LQWHUIHU
HQFH ,QWHUFHOO LQWHUIHUHQFH UHGXFHV WKH LQIRUPDWLRQ FDSDFLW\ RI DOO XVHUV 7KXV GHVLUHG
XVHUV UHFHLYH LQWHUIHUHQFH IURP FRFKDQQHO FHOOV DV VKRZQ LQ )LJXUH  ,Q )LJXUH  D
GHVLUHG XVHU LV ORFDWHG LQ WKH UHIHUHQFH FHOO  DQG LQWHUIHUHQFH IURP WKH ILUVW WLHU DUH

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  &HOOXODU ZLUHOHVV V\VWHP VLWH FRYHUDJH OD\RXW IRU D VTXDUH WHVVHOODWLRQ
   FRYHUDJH DUHD XQGHU FRQVLGHUDWLRQ UHIHUHQFH FHOO
   ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
   VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
   WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
 '  GLVWDQFH EHWZHHQ FHOO FHQWHUV
 $%&()*+,  FRYHUDJH DUHDV XVLQJ IUHTXHQFLHV GLIIHUHQW IURP WKH UHIHUHQFH FHOO

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  &HOOXODU ZLUHOHVV V\VWHP VLWH FRYHUDJH OD\RXW IRU D HTXLODWHUDO WULDQJOH WHVVHO
ODWLRQ
   FRYHUDJH DUHD XQGHU FRQVLGHUDWLRQ UHIHUHQFH FHOO
   ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
   VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
   WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ WKH UHIHUHQFH FHOO
 '  GLVWDQFH EHWZHHQ FHOO FHQWHUV
 $%&()*+,-  FRYHUDJH DUHDV XVLQJ IUHTXHQFLHV GLIIHUHQW IURP WKH UHIHUHQFH FHOO

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  ,OOXVWUDWLRQ KRZ ³VKLIW SDUDPHWHUV´ LM DUH XVHG WR OD\ RXW D FHOOXODU V\VWHP
6KLIW SDUDPHWHUV  L   M  
 $  WKH UHIHUHQFH FHOO
 $1  WKH ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 $2  WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
ORFDWHG LQ FHOO QXPEHU  DQG VHFRQG WLHU LQWHUIHUHQFH LQ FHOO QXPEHU  7KH )LJXUH 
VKRZV D KH[DJRQDO FHOO VLWH OD\RXW WHVVHOODWLRQ )LJXUH  GHSLFWV WKDW RI D VTXDUH VLWH
OD\RXW WHVVHOODWLRQ DQG )LJXUH  LOOXVWUDWHV WKDW RI HTXLODWHUDO WULDQJOH FHOOXODU VLWH OD\RXW
WHVVHOODWLRQ
)LJXUH  LOOXVWUDWHV WKDW IRU D KH[DJRQDO FHOO VLWH OD\RXW WHVVHOODWLRQ DQ\ FHOO KDV
H[DFWO\ VL[ HTXLGLVWDQW QHDUHVW QHLJKERXULQJ FRFKDQQHO FHOOV 7KH YHFWRUV IURP D FHOO
FHQWHU WR WKH FHQWHUV RI LWV FRFKDQQHO FHOOV DUH VHSDUDWHG E\ DQ DQJOH RI  GHJUHHV IURP
HDFK RWKHU WKH VDPH DOVR KROGV IRU DQ\ DUELWUDU\ FHOO DQG LWV LPPHGLDWH VL[ FRFKDQQHO FHOO
7KHUHIRUH D FOXVWHU RI FRQWLJXRXV FHOOV FDQ EH YLVXDOLVHG DV D ODUJH KH[DJRQ 1RWH LW LV

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
QRW FODLPHG WKDW DOO NLQGV RI FOXVWHUV ZLOO KDYH D KH[DJRQ VKDSH EXW D ODUJH KH[DJRQ FDQ
KDYH WKH VDPH DUHD DV DQ\ YDOLG FOXVWHU )URP )LJXUH  DV WKH GLVWDQFH EHWZHHQ FHQWHUV
RI DGMDFHQW FHOOV LV XQLW\ WKH GLVWDQFH EHWZHHQ WKH FHQWUHV RI WKH YLVXDOLVHG ODUJH KH[DJRQ
LV√i2 + ij + j2 7KH SDWWHUQ RI WKH YLVXDOLVHG ODUJH KH[DJRQV LV MXVW DQ HQODUJHG UHSOLFD
RI WKH RULJLQDO FHOOXODU SDWWHUQ ZLWK D OLQHDU VFDOH IDFWRU√i2 + ij + j2 7KXV 1 c ZKLFK
LV WKH FOXVWHU VL]H DQG LV WKH WRWDO QXPEHU RI FHOO DUHDV FRQWDLQHG LQ WKH DUHD RI WKH ODUJH
KH[DJRQ LV JLYHQ E\ WKH VTXDUH RI WKH OLQHDU VFDOH IDFWRU DV
Nc = i
2 + ij + j2; i, j ≥ 0, 
L M DQG WKH FOXVWHU VL]H FDQ RQO\ WDNH FHUWDLQ UHDOL]DEOH YDOXHV 7KH UHDOL]DEOH YDOXHV
UDQJH RYHU WKH SRVLWLYH LQWHJHUV . . .  )RU VPDOO FHOO V\VWHPV GHVLJQ ZLWK
VTXDUH WHVVHOODWLRQ WR FRYHU WKH ZKROH VHUYLFH DUHD LQ D V\PPHWULF FHOO SODQ WKH FOXVWHU
VL]H LV JLYHQ E\ >@ DV
Nc = i
2 + j2; i, j ≥ 0, 
$V VHHQ ZLWK L DQG M EHLQJ LQWHJHUV WKH FOXVWHU VL]H FDQ RQO\ WDNH FHUWDLQ UHDOL]DEOH YDOXHV
ZKLFK UDQJH RYHU WKH SRVLWLYH LQWHJHUV . . . 
7KH UHODWLRQVKLS EHWZHHQ WKH QRUPDOL]HG FRFKDQQHO UHXVH GLVWDQFH '5 DQG WKH
QXPEHU RI FHOOV SHU FOXVWHU LQ D KH[DJRQDO FHOO VLWH OD\RXW FDQ EH IRXQG EH FRPELQLQJ WKH
HTXDWLRQ  DQG  DQG UHSODFLQJ WKH XQLW\ E\√3 ZKLFK JLYHV XV
D
R
=
√
3Nc 
ZKHUH ' FRFKDQQHO UHXVH GLVWDQFH LV WKH PHDVXUHG GLVWDQFH EHWZHHQ WKH FHOO FHQWHUV 5
LV WKH FHOO VL]H UDGLXV DQG 1 c LV WKH FOXVWHU VL]H
1RZ DIWHU WKH QXPEHU RI FHOO SHU FOXVWHU LV GHILQHG LW LV DSSURSULDWH WR ILQG ZKLFK
FKDQQHO VHW VKRXOG EH DVVLJQHG WR HDFK FHOO 7KH IUHTXHQF\ UHXVH OD\RXW RI WKH FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV HDVLO\ DVVHPEOHG XVLQJ WKH KH[DJRQDO FRRUGLQDWHV RI
)LJXUH  ZKHUH L DQG M DUH FDOOHG ³VKLIW SDUDPHWHUV´ 7KH SURFHGXUH IRU ILQGLQJ WKH
QHDUHVW FRFKDQQHO FHOOV RI DQ\ RI WKH FHOOV RI WKH QHWZRUN LV DV IROORZV
 &KRRVH D UHIHUHQFH FHOO

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
 )RU HDFK VLGH RI WKH KH[DJRQ PRYH L FHOOV DORQJ DQ\ FKDLQ RI KH[DJRQV WKHQ WXUQ
FRXQWHUFORFNZLVH  GHJUHH DQG PRYH M FHOOV DORQJ WKH FKDLQ WKDW OLHV RQ WKLV QHZ
KHDGLQJ
 5HSHDW WKH SURFHGXUH IRU WKH VXUURXQGLQJ FHOOV RI WKH LQLWLDO UHIHUHQFH FHOO ZKLFK DUH
QRW IRXQG DV FRFKDQQHO FHOOV
)LJXUH  VKRZV KRZ WKH ³VKLIW SDUDPHWHU´ FDQ EH XVHG WR OD\ RXW D KH[DJRQDO FHOOXODU
V\VWHP VLWH OD\RXW 7KH FRFKDQQHO FHOOV LQ ILUVW WLHU DUH ODEHOHG DV $1 DQG WKRVH LQ VHFRQG
WLHU DUH ODEHOHG $2 7KH VDPH VHW RI FKDQQHOV XVHG LQ FHOO $ DUH XVHG LQ FHOOV $1 DQG $2
 3URSRVHG IRUPXOD IRU &DOFXODWLQJ 1XPEHU RI &RFKDQQHO &HOOV
,Q WKLV VHFWLRQ WKH SURSRVHG IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ
FHOOV LV DOO WLHUV RI D JLYHQ FHOOXODU ZLUHOHVV VLWH OD\RXW LV JHQHUDWHG )LJXUH  LOOXVWUDWHV
WKH JHRPHWU\ RI D KH[DJRQDO FHOOXODU VLWH OD\RXW ZLWK UHXVH SDWWHUQ 1 c   )LJXUH 
LOOXVWUDWHV WKH JHRPHWU\ RI D KH[DJRQDO FHOOXODU VLWH OD\RXW ZLWK UHXVH SDWWHUQ 1 c  
)LJXUH  LOOXVWUDWHV WKH JHRPHWU\ RI D VTXDUH FHOOXODU VLWH OD\RXW ZLWK UHXVH SDWWHUQ 1 c
  )LJXUH  LOOXVWUDWHV WKH JHRPHWU\ RI D HTXLODWHUDO WULDQJOH FHOOXODU VLWH OD\RXW ZLWK
UHXVH SDWWHUQ 1 c  
&RQVLGHULQJ WKH JHRPHWULHV$%&' ()*+ ,-./ DQG$%&'()*+,-./012345
LQ )LJXUHV    WKH JHRPHWU\ RI WKH KH[DJRQDO FHOOXODU SDWWHUQ ZLWK 1 c   LQ )LJ
XUH  VKRZV WKDW WKH FRFKDQQHO FHOOV LQ WLHU  DUH  WLHU  DUH  DQG WLHU  DUH 
/LNHZLVH WKH JHRPHWU\ RI WKH KH[DJRQDO FHOOXODU SDWWHUQ ZLWK 1 c   LQ )LJXUH  VKRZV
WKDW WKH FRFKDQQHO FHOOV LQ WLHU  LV  WLHU  LV  DQG WLHU  LV  7KH JHRPHWU\ RI WKH
VTXDUH FHOOXODU SDWWHUQ ZLWK 1 c   LQ )LJXUH  VKRZV WKDW WKH FRFKDQQHO LQWHUIHULQJ
FHOOV LQ WLHU  LV  WLHU  LV  DQG WLHU  LV  )LQDOO\ )LJXUH  VKRZV WKDW IRU WKH
HTXLODWHUDO WULDQJOH FHOO SDWWHUQ ZLWK 1 c   WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ
WLHU  LV  WLHU  LV  DQG WLHU  LV 
:LWK WKH KHOS RI JHRPHWULHV$%&'()*+ ,-./$%&'()*+,-./ DQG012345
LQ )LJXUHV    LV VKRZQ WKDW IRU D JLYHQ FHOO VLWH OD\RXW WKH QXPEHU RI FRFKDQQHO LQ
WHUIHULQJ FHOOV 1n LQ WKH QWK WLHU RI WKH FHOOXODU VLWH OD\RXW LV WKH SURGXFW RI WKH WLHU QXPEHU

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  *HRPHWU\ RI D IRXU FOXVWHU VL]H UHJXODU KH[DJRQDO FHOOXODU V\VWHP VLWH OD\RXW
 &HOOV $%&' RI VTXDUH $%&' UHSUHVHQW ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 &HOOV ()*+ RI VTXDUH ()*+ UHSUHVHQW VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 &HOOV ,-./ RI VTXDUH ,-./ UHSUHVHQW WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  *HRPHWU\ RI D VHYHQ FOXVWHU VL]H UHJXODU KH[DJRQDO FHOOXODU V\VWHP VLWH OD\RXW
 &HOOV $%&'() RI KH[DJRQDO $%&'() UHSUHVHQW ILUVW WLHU FRFKDQQHO LQWHUIHULQJ
FHOOV
 &HOOV *+,-./ RI KH[DJRQDO *+,-./ UHSUHVHQW VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ
FHOOV
 &HOOV 012345 RI KH[DJRQDO 012345 UHSUHVHQW WKLUG WLHU FRFKDQQHO
LQWHUIHULQJ FHOOV

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  *HRPHWU\ RI D WZR FOXVWHU VL]H VTXDUH FHOOXODU V\VWHP VLWH OD\RXW
 &HOOV $%&' RI VTXDUH $%&' UHSUHVHQW ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 &HOOV ()*+ RI VTXDUH ()*+ UHSUHVHQW VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 &HOOV ,-./ RI VTXDUH ,-./ UHSUHVHQW WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV

)UHTXHQF\ 5HXVH IRU 6SHFWUXP $OORFDWLRQ
)LJXUH  *HRPHWU\ RI D IRXU FOXVWHU VL]H HTXLODWHUDO WULDQJOH FHOOXODU V\VWHP VLWH OD\RXW
 &HOOV $%&' RI VTXDUH $%&' UHSUHVHQW ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 &HOOV ()*+ RI VTXDUH ()*+ UHSUHVHQW VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 &HOOV ,-./ RI VTXDUH ,-./ UHSUHVHQW WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
DQG QXPEHU RI FRFKDQQHOV FHOOV LQ WKH ILUVW WLHU DQG FDQ EH ZULWWHQ DV
Nn = NFI × n; (n = 1, 2, 3, 4, . . . ). 
ZKHUH 1FI LV WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU DQG Q LV WKH QWK
WLHU QXPEHU
 6LJQDO DQG ,QWHUIHUHQFH0RGHO IRU (PHUJLQJ &HOOXODU
:LUHOHVV 1HWZRUNV
&HOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV DUH GHVLJQHG WR H[SORLW SRZHU IDOORII ZLWK GLV
WDQFH RI VLJQDO SURSDJDWLRQ WR UHXVH WKH VDPH IUHTXHQF\ FKDQQHO DW D VSDWLDOO\ VHSDUDWHG OR
FDWLRQ +RZHYHU WKH UHFHQW SURJUHVV RI FRPPXQLFDWLRQ VHUYLFHV PHDQV IXWXUH DQG HPHUJ
LQJ ZLUHOHVV V\VWHPV QHHG WR RSHUDWH DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV LQ RUGHU WR
LQFUHDVH GDWD UDWH $W KLJKHU FDUULHU IUHTXHQFLHV ERWK WKH IUHH SDWK ORVV DQG GLIIUDFWLRQ ORVV
LQFUHDVH LQ UHODWLRQ WR LQFUHDVH LQ IUHTXHQF\ >@ 7KH LQFUHDVH LQ IUHH VSDFH SDWK ORVV PHDQV
FHOO VL]H UDGLXV QHHGV WR EH UHGXFHG >@ )RU FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WR
SURYLGH KLJKGDWDUDWH VHUYLFHV HPHUJLQJ DQG IXWXUH FHOOXODU V\VWHPV DUH GHVLJQHG WR RS
HUDWH DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV I c !  *+] DQG VPDOOHU FHOO VL]H UDGLXV
5   NP )RU FRQYHQWLRQDO FHOOXODU V\VWHPV ZKLFK RSHUDWH DW ORZHU FDUULHU IUHTXHQFLHV
I c   *+] DQG KDYH ELJJHU FHOO VL]H UDGLXV 5 !  NP RWKHU WLHU FRFKDQQHO LQWHUIHULQJ
FHOO DUH DVVXPHG WR EH LQ WKH UHJLRQ ZKHUH SRZHU IDOORII LV LQYHUVHO\ SURSRUWLRQDO WR WKH
IRXUWK SRZHU RI GLVWDQFH +HQFH RWKHU WLHUV RI FRFKDQQHO LQWHUIHUHQFH DUH FRQVLGHUHG WR
EH GRUPDQW $V ZLOO EH GLVFXVVHG DQG H[SODLQHG LQ WKH IROORZLQJ VHFWLRQV XVLQJ KLJKHU
FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV LQ FHOOXODU V\VWHPV PD\ OHDG WR RWKHU WLHU
FRFKDQQHO LQWHUIHULQJ FHOOV EHFRPLQJ DFWLYH 7KDW LV RWKHU WLHU FRFKDQQHO LQWHUIHULQJ
FHOOV PD\ EH LQ WKH VDPH UHJLRQ RI SURSDJDWLRQ DV WKH ILUVW WLHU ZKHUH SRZHU IDOORIIV DUH
LQYHUVHO\ SURSRUWLRQDO WR WKH VTXDUH RI GLVWDQFH ,Q KLJKHU FDUULHU IUHTXHQF\ DQG VPDOOHU
FHOO VL]H UDGLXV FHOOXODU V\VWHPV FRFKDQQHO LQWHUIHUHQFH LV H[SHFWHG WR UHSUHVHQW WKH PDLQ
LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH OLPLWDWLRQ ,Q WKH IROORZLQJ VHFWLRQV ZH WKHUHIRUH SUR
SRVH DQ LQWHUIHUHQFH PRGHO IRU HPHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV V\VWHPV 7KLV ZLOO

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
)LJXUH  6\VWHP SURSDJDWLRQ PRGHO IRU WKH XSOLQN RI D FHOOXODU ZLUHOHVV QHWZRUN
EHWZHHQ 06 DQG %6
 3T  7UDQVPLW SRZHU
 3t  7UDQVPLWWHG VLJQDO SRZHU IURP DQWHQQD
 3R  5HFHLYHG SRZHU E\ DQWHQQD
 3r  5HFHLYHG VLJQDO SRZHU
 3L  3RZHUODZ SDWK ORVV
 *t  7UDQVPLWWHU DQWHQQD JDLQ
 *r  5HFHLYHU DQWHQQD JDLQ
 U  'LVWDQFH EHWZHHQ WUDQVPLWWLQJ DQG UHFHLYLQJ DQWHQQD
HQDEOH DFFXUDWH DQDO\VLV RI WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI IXWXUH DQG HPHUJLQJ
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV
 6\VWHP 0RGHO IRU /26 3URSDJDWLRQ (QYLURQPHQW
,Q D VLPLODU PDQQHU DV LQ > @ IRU ERWK GHVLUHG DQG LQWHUIHUHQFH VLJQDO SRZHU ZH
FRQVLGHU D GLVWDQFH GHSHQGHG SDWK ORVV ZLUHOHVV FKDQQHO IRU RXU LQWHUIHUHQFH PRGHO 7KH
/26 SURSDJDWLRQ V\VWHP PRGHO LV GHSLFWHG LQ )LJXUH  7KH GLVWDQFH GHSHQGHG SDWK
ORVV ZLUHOHVV FKDQQHO XVHG IRU RXU SURSDJDWLRQ V\VWHP PRGHO DQG VXEVHTXHQW LQWHUIHUHQFH
PRGHO LQ WKLV WKHVLV LV YDOLG ,W LV YDOLG EHFDXVH 6iQFKH] HW DO LQ WKHLU ZRUN LQ >@

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
UHSRUWHG WKDW D µVQDSVKRW¶ PHDVXUHPHQW PD\ VHULRXVO\ XQGHUHVWLPDWH WKH PD[LPXP PHDQ
HOHFWURPDJQHWLF ILHOG OHYHO WKDW PD\ EH UHDFKHG DW D VSHFLILF ORFDWLRQ +RZHYHU WKH\
DOVR VWDWHG WKDW µVQDSVKRW¶ PHDVXUHPHQW UHVXOWV DUH VWLOO YDOLG IRU LQIRUPDWLRQ FDSDFLW\
SHUIRUPDQFH DQDO\VLV >@ 7KHUHIRUH LQ WKLV WKHVLV L IRU VLPSOLFLW\ DQG LL GXH WR WKH
IDFW WKDW LW LV D ILUVW RUGHU SUHGLFWLRQ DQDO\VLV ZH DYHUDJH RXW VORZ DQG IDVW IDGLQJ WKRXJK
IDGLQJ PD\ KDYH FRQVLGHUDEOH LPSDFW RQ WKH UHVXOWV ,Q WKLV WKHVLV IRU VLPSOLFLW\ DQG HDVH
RI DQDO\VLV ZH DVVXPHG D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP ZKLFK KDV DQ HIILFLHQW
DQWHQQD GLYHUVLW\ VFKHPH 7KH HIIHFWLYH DQWHQQD GLYHUVLW\ VFKHPH HOLPLQDWHV WKH HIIHFWV
RI PXOWLSDWK IDGLQJ 7KHUHIRUH IRU D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP KDYLQJ D
EDVH DQG PRELOH VWDWLRQ DQWHQQD JDLQ RI XQLW LI D 06 DQWHQQD WUDQVPLWWLQJ D VLJQDO SRZHU
RI 3t RYHU D GLVWDQFH U >P@ WKH UHFHLYHG VLJQDO SRZHU DW WKH FHOO EDVH VWDWLRQ 3r >:@ LV
JLYHQ E\ >@ DV
Pr =
K
rα(1 + r/g)ρ
Pt, 
ZKHUH . LV WKH FRQVWDQW SDWK ORVV IDFWRU DQG LW LV WKH IUHH VSDFH SDWK ORVV DW WKH UHIHUHQFH
GLVWDQFH G0   P α LV WKH EDVLF SDWK ORVV H[SRQHQW URXJKO\  DQG ρ LV WKH DGGLWLRQDO
H[WUD SDWK ORVV H[SRQHQW EHWZHHQ  J >P@ LV WKH EUHDNSRLQW RI WKH SDWK ORVV FXUYH
,Q WKLV WKHVLV WKH H[DFW YDOXH RI . DQG 3t LV QRW UHTXLUHG IRU WKH V\VWHP PRGHO EHFDXVH
L DOO PRELOH XVHUV ERWK WKRVH ZLWK WKH GHVLUHG FHOO DQG RXWRIFHOO LQWHUIHUHUV WUDQVPLW
DW WKH VDPH VLJQDO SRZHU 3t DQG LL WKH V\VWHP LV FRQVLGHUHG WR EH LQWHUIHUHQFH OLPLWHG
WKHUHIRUH WKHUPDO QRLVH LV QHJOLJLEOH 7KHUHIRUH WKH H[DFW YDOXH RI . DQG 3t GRHV QRW HQWHU
LQWR WKH DQDO\VLV >@  7KHUHIRUH ZH DVVXPH .   3t   DQG IRFXV RQ WKH DWWHQXDWLRQ
IDFWRU
Pr = r
−α(1 + r/g)−ρ. 
,W PXVW EH QRWHG WKDW WKH SDWK ORVV PRGHO XVHG IRU RXU V\VWHP PRGHO LQ WKLV WKHVLV KDV EHHQ
H[SHULPHQWDOO\ YDOLGDWHG IRU D YDULHW\ RI PLFURFHOOXOU HQYLURQPHQWV DQG IRU ERWK 8+) DQG
6+) EDQG >  @
 5HODWLRQVKLS EHWZHHQ %UHDNSRLQW 'LVWDQFH DQG 5HFHLYHG 6LJQDO
)RU FRQYHQWLRQDO FHOOXODU ZLUHOHVV V\VWHPV WKH WKHRUHWLFDO EUHDNSRLQW GLVWDQFH LV FRQVLG
HUHG WR EH WKH SURGXFW RI WKH 06 DQG %6 DQWHQQD KHLJKWV DQG LQYHUVHO\ SURSRUWLRQDO WR

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
&DUULHU IUHTXHQFLHV I c λc  3∗108Ic Km J DW Kb   P J DW Kb   P
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7DEOH  >@
WKH ZDYHOHQJWK RI WKH WUDQVPLWWHU VRXUFH 7KH WKHRUHWLFDO EUHDNSRLQW GLVWDQFH J LV JLYHQ
E\
g =
4× hm × hb
λ
. 
ZKHUH Km DQG Kb DUH WKH 06 DQG %6 DQWHQQD KHLJKWV DQG λ LV WKH ZDYHOHQJWK RI WKH
WUDQVPLWWLQJ VRXUFH 7DEOH  SUHVHQWV D VXPPDU\ RI WKHRUHWLFDOO\ FDOFXODWHG EUHDNSRLQW
GLVWDQFHV IRU GLIIHUHQW FDUULHU IUHTXHQFLHV DQG %6 DQWHQQD KHLJKWV 1XPHULFDO YDOXHV XVHG
IRU WKH FDOFXODWLRQ DUH IURP >@
7R PDNH WKH UHODWLRQVKLS EHWZHHQ WKH WKHRUHWLFDO EUHDNSRLQW GLVWDQFH FDUULHU IUH
TXHQF\ DQG UHFHLYHG VLJQDO SRZHU H[SOLFDEOH XVLQJ HTXDWLRQ  D JUDSK RI UHFHLYHG
VLJQDO SRZHU 3r >:@ DJDLQVW GLVWDQFH U >P@ IRU GLIIHUHQW FDUULHU IUHTXHQFLHV I c >+]@ LV
SORWWHG DV VKRZQ LQ )LJXUH  7KH EUHDNSRLQW LV LQGLFDWHG DV J RQ WKH JUDSK 7KH SORW
LQ )LJXUH  VKRZV WKDW IRU D GLVWDQFH GHSHQGHQW ZLUHOHVV FKDQQHO WZR UHJLRQV PD\ EH
GLVWLQJXLVKHG 7KH WZR UHJLRQV DUH VHSDUDWHG E\ WKH EUHDNSRLQW 7KH UHJLRQ EHIRUH WKH
EUHDNSRLQW LV UHIHUUHG WR DV UHJLRQ , LQ WKLV WKHVLV 7KH UHJLRQ , LV ZKHUH VLJQDO DWWHQXDWLRQ
LV DVVXPH WR EH LQYHUVHO\ SURSRUWLRQDO WR WKH VHFRQG SRZHU RI GLVWDQFH U >P@ EHWZHHQ
WUDQVPLWWHU DQG UHFHLYHU 7KH UHJLRQ DIWHU WKH EUHDNSRLQW LV UHIHUUHG WR DV UHJLRQ ,, 7KH
UHJLRQ ,, LV ZKHUH VLJQDO DWWHQXDWLRQ LV DVVXPH WR EH LQYHUVHO\ SURSRUWLRQDO WR WKH IRXUWK
SRZHU RI GLVWDQFH U >P@
5HODWLRQVKLS EHWZHHQ %UHDNSRLQW 'LVWDQFH DQG &DUULHU )UHTXHQF\
)RU WKH UHODWLRQVKLS EHWZHHQ WKH WKHRUHWLFDO EUHDNSRLQW GLVWDQFH FDUULHU IUHTXHQF\ DQG %6
DQWHQQD KHLJKW WR EH XQGHUVWDQGDEOH ZH SORW D JUDSK RI EUHDNSRLQW GLVWDQFH J DJDLQVW

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
)LJXUH  7ZRVORSH UHFHLYHG VLJQDO SRZHU 3r YHUVXV GLVWDQFH 6KRZLQJ EUHDNSRLQW
GLVWDQFH J DW FDUULHU IUHTXHQF\ I c   *+] 7UDQVPLWWHG SRZHU 3t   : 06 DQG
%6 DQWHQQD JDLQ *r  *t   EDVLF SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ
  06 DQG %6 DQWHQQD KHLJKWV Km   P DQG Kb   P
 )UHH 6SDFH 3DWK /RVV >@
 3RZHU IDOOV RII ∝ GLVWDQFH4
 7ZR 5D\ SDWK ORVV >@

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
)LJXUH  %UHDNSRLQW GLVWDQFH J YHUVXV FDUULHU IUHTXHQF\ I c )RU 06 DQWHQQD KHLJKW
Km   P DQG GLIIHUHQW %6 DQWHQQD KHLJKW Kb
 %6 DQWHQQD KHLJKW Kb   P
 %6 DQWHQQD KHLJKW Kb   P
 %6 DQWHQQD KHLJKW Kb   P

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
&DUULHU IUHTXHQFLHV I c λc  3∗108Ic Km K Jh DW Kb   P Jh DW Kb   P *+]  P  P  P  P  P
 *+]  P  P  P  P  P
 *+]  P  P  P  P  P
7DEOH  >@
FDUULHU IUHTXHQF\ I c IRU GLIIHUHQW %6 DQWHQQD KHLJKWV Kb XVLQJ HTXDWLRQ  7KH SORW LQ
)LJXUH  VKRZV WKDW IRU D JLYHQ %6 DQWHQQD KHLJKW WKH EUHDNSRLQW GLVWDQFH LQFUHDVHV DV
WKH DQWHQQD KHLJKW LQFUHDVHV 7KH ILJXUH DOVR VKRZV WKDW DV WKH FDUULHU IUHTXHQF\ LQFUHDVHV
WKH EUHDNSRLQW GLVWDQFH LQFUHDVHV $V EDVH VWDWLRQ DQWHQQD KHLJKW LQFUHDVHV FDUULHU IUH
TXHQF\ LQFUHDVHV DQG WKH FHOO VL]H UDGLXV GHFUHDVHV VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH
PD\ EHFRPH DFWLYH ,W PD\ EHFRPH DFWLYH EHFDXVH LW LV LQ WKH VDPH UHJLRQ DV WKH IUHH
VSDFH SURSDJDWLRQ UHJLRQ UHJLRQ , LQVWHDG RI WKH UHJLRQ ,, DV LV DVVXPHG IRU FRQYHQ
WLRQDO FHOOXODU ZLUHOHVV V\VWHPV
 0RGLILHG %UHDNSRLQW 'LVWDQFH IRU +LJKHU &DUULHU )UHTXHQF\
)RU KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV WKH EUHDNSRLQW GLVWDQFH LV PRGLILHG DV GHVFULEHG
E\ 0DVXL HW DO LQ >@ 7KH PRGLILHG EUHDNSRLQW GLVWDQFH LQFOXGHV WKH HIIHFW RI GLVSHUVLRQ
FDXVHG E\ UHIOHFWLRQ DQG EORFNLQJ GXH WR YHKLFOHV SHGHVWULDQV DQG RWKHU REMHFWV RQ WKH
URDG 7KH PRGLILHG EUHDNSRLQW GLVWDQFH IRU DQ HIIHFWLYH URDG KHLJKW K LV JLYHQ E\ >@ DV
rbrk =
4(hb − h)× (hm − h)
λ
, h < hm 
7KH Km DQG Kb DUH 06 DQG %6 DQWHQQD KHLJKW 7KH HIIHFWLYH URDG KHLJKW K GHSHQGV RQ
WKH DYHUDJH URDG KHLJKW ZKLFK LV WKH DYHUDJH KHLJKWV RI YHKLFOHV DQG SHGHVWULDQV RQ WKH
URDG )RU OLJKW YHKLFXODU WUDIILF K LV EHWZHHQ    P ,Q WKH FDVH RI KHDY\ YHKLFXODU
WUDIILF K LV EHWZHHQ    P >@ 7DEOH  SUHVHQWV D VXPPDU\ RI WKH WKHRUHWLFDO
FDOFXODWHG PRGLILHG EUHDNSRLQW GLVWDQFHV IRU OLJKW YHKLFXODU WUDIILF FRQGLWLRQV 7DEOH 
SUHVHQWV D VXPPDU\ RI WKH WKHRUHWLFDO FDOFXODWHG PRGLILHG EUHDNSRLQW GLVWDQFH IRU KHDY\
YHKLFXODU WUDIILF FRQGLWLRQV

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
&DUULHU IUHTXHQFLHV I c λc  3∗108Ic Km K Jh DW Kb   P Jh DW Kb   P *+]  P  P  P  P  P
 *+]  P  P  P  P  P
 *+]  P  P  P  P  P
7DEOH  >@
5HODWLRQVKLS EHWZHHQ %UHDNSRLQW 'LVWDQFH DQG (IIHFWLYH 5RDG +HLJKW
7KH UHODWLRQVKLS EHWZHHQ WKH PRGLILHG EUHDNSRLQW GLVWDQFH HIIHFWLYH URDG KHLJKW K DQG
FDUULHU IUHTXHQF\ I c LV PDGH H[SOLFDEOH E\ SORWWLQJ D JUDSK RI EUHDNSRLQW GLVWDQFH DJDLQVW
HIIHFWLYH URDG KHLJKW IRU GLIIHUHQW FDUULHU IUHTXHQFLHV XVLQJ HTXDWLRQ  7KH SORW LQ
)LJXUH  VKRZV WKDW WKH EUHDNSRLQW GLVWDQFH WHQGV WR LQFUHDVH DV WKH FDUULHU IUHTXHQF\
LQFUHDVHV EXW GHFUHDVHV DV WKH HIIHFWLYH URDG KHLJKW LQFUHDVHV
 &HOOXODU :LUHOHVV 6\VWHP ,QWHUIHUHQFH
,Q FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKH LQWHUFHOO LQWHUIHUHQFH PDJQLWXGH GHSHQGV
RQ ERWK WKH GLVWDQFH EHWZHHQ WKH LQWHUIHULQJ WUDQVPLWWHUV DQG WKH LQWHQGHG UHFHLYHU DV ZHOO
DV WKH SURSDJDWLRQ ODZV JRYHUQLQJ WKH LQWHUIHUHU¶V WUDQVPLVVLRQ
*HQHUDOO\ WKH LQWHUIHUHQFH GLVWULEXWLRQ LV DVVXPHG WR EH *DXVVLDQ 7KLV LV D SUDF
WLFDEOH DVVXPSWLRQ IRU &'0$ V\VWHPV ZKHUH WKHUH DUH PDQ\ LQWUDFHOO DQG LQWHUFHOO LQ
WHUIHUHV 7KH *DXVVLDQ GLVWULEXWLRQ IROORZV IURP WKH ODZ RI ODUJH QXPEHUV +RZHYHU IRU
)'0$ RU 7'0$ V\VWHPV WKHUH DUH XVXDOO\ RQO\ D IHZ DFWLYH LQWHUIHUHUV 7KHUHIRUH WKH
ZKLWH QRLVH DVVXPSWLRQ LV JHQHUDOO\ QRW YDOLG )RU LQIRUPDWLRQ FDSDFLW\ FDOFXODWLRQV LQ
ZLUHOHVV V\VWHPV *DXVVLDQ LQWHUIHUHQFH LV D ZRUVWFDVH QRLVH DVVXPSWLRQ >@ 8QGHU WKLV
DVVXPSWLRQ WKH LQIRUPDWLRQ FDSDFLW\DFKLHYLQJ WUDQVPLW VSHFWUXP IRU DOO XVHUV WKDW LV VLJ
QDO DQG LQWHUIHUHQFH LV *DXVVLDQ ,Q PRVW FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKH
UHFHLYHU QRLVH SRZHU LV PXFK OHVV WKDQ WKDW RI LQWHUIHUHQFH 7KHUHIRUH WKH UHFHLYHU QRLVH
SRZHU FDQ EH QHJOHFWHG ,Q WKH JHQHUDWLRQ RI WKH SURSRVHG LQWHUIHUHQFH PRGHO ZH FRQVLG
HUHG D 7'0$ FHOOXODU V\VWHP ZKLFK KDV IHZ DFWLYH LQWHUIHUHV ,Q WKH IROORZLQJ VHFWLRQV
ZH ILUVW GHILQH WKH FRQYHQWLRQDO FHOOXODU ZLUHOHVV FRFKDQQHO LQWHUIHUHQFH PRGHO

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
)LJXUH  %UHDNSRLQW GLVWDQFH J YUV HIIHFWLYH URDG KHLJKW K IRU GLIIHUHQW FDUULHU IUH
TXHQF\ I c %6 DQG 06 DQWHQQD KHLJKW Kb   P DQG Km   P
 &DUULHU IUHTXHQF\ I c   *+]
 &DUULHU IUHTXHQF\ I c   *+]
 &DUULHU IUHTXHQF\ I c   *+]
 &DUULHU IUHTXHQF\ I c   *+]
 &DUULHU IUHTXHQF\ I c   0+]

6LJQDO DQG ,QWHUIHUHQFH 0RGHO IRU (PHUJLQJ &HOOXODU :LUHOHVV 1HWZRUNV
:H WKHQ LQWURGXFH RXU SURSRVHG FRFKDQQHO LQWHUIHUHQFH PRGHO
 &RQYHQWLRQDO &HOOXODU :LUHOHVV 8SOLQN ,QWHUIHUHQFH 0RGHO
&RFKDQQHO LQWHUIHUHQFH FDQ EH FRQVLGHUHG WR EH D VXSHUSRVLWLRQ RI GLVWDQFH GHSHQGHQW DW
WHQXDWLRQ SDWK ORVV VKRUWWHUP IOXFWXDWLRQV DQG ORQJWHUP YDULDWLRQV ,W RFFXUV LQ ZLUH
OHVV V\VWHPV IRU H[DPSOH ZKHQ DPRELOH VLPXOWDQHRXVO\ UHFHLYHV VLJQDOV IURP FRFKDQQHO
%6V )RU FRQYHQWLRQDO FHOOXODU ZLUHOHVV QHWZRUNV FRFKDQQHO LQWHUIHUHQFHV DUH DVVXPHG
WR EH IURP WKH ILUVW WLHU RQO\ 7KLV LV EDVHG RQ WKH DVVXPSWLRQ RI ODUJH SDWK ORVV H[SR
QHQW ODUJH FHOO VL]H UDGLXV DQG ORZHU FDUULHU IUHTXHQFLHV I c  *+] )RU FRQYHQWLRQDO
FHOOXODU ZLUHOHVV V\VWHPV WKH GHVLUHG PRELOHV DUH DVVXPHG WR EH ORFDWHG LQ D FHQWUDO FHOO
DQG LQWHUIHULQJ PRELOHV WR EH LQ FHOOV LQ WKH ILUVW WLHU DV VKRZQ LQ )LJXUH  ,Q FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKH XSOLQN IURP 06 WR %6 LQWHUIHUHQFH DW D %6 LV WKH
QRQFRKHUHQW VXP RI LQWHUIHUHQFH VLJQDOV IURP WKH XVHUV VHUYHG E\ WKH %6 DQG WKH XVHUV
VHUYHG E\ RWKHU %6V >@ 7KH GHVLUHG XVHU &,5 γ LV GHILQHG DV WKH UDWLR RI WKH DYHUDJH
UHFHLYHG VLJQDO SRZHU IURP D 06 DW D GLVWDQFH U >P@ IURP WKH GHVLUHG %6 WR WKH VXP RI
LQWHUIHULQJ UHFHLYHG VLJQDO SRZHU SOXV QRLVH &RQVLGHULQJ RQO\ LQWHUFHOO LQWHUIHUHQFH IRU
FRQYHQWLRQDO FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKH XSOLQN &,5 γ LV JLYHQ E\ >@
DV
γd =
Pd
PI +Nm
=
Pd(r)
NI∑
i=1
Pi(ri) +Nm

ZKHUH 1m LV WKH WKHUPDO QRLVH SRZHU 3d >:@ LV WKH UHFHLYHG VLJQDO SRZHU OHYHO IURP
WKH GHVLUHG 06 DW D GLVWDQFH U >P@ IURP LWV %6 3I >:@ LV WKH WRWDO LQWHUIHULQJ SRZHU 3i
>:@ LV WKH UHFHLYHG VLJQDO SRZHU OHYHO IURP WKH LWK LQWHUIHULQJ 06 DW D GLVWDQFH Ui >P@
IURP WKH GHVLUHG PRELOH¶V %6 +RZHYHU DV VWDWHG LQ &KDSWHU  DGGLWLYH QRLVH WHUP FDQ
EH QHJOHFWHG UHODWLYH WR RWKHU FKDQQHO LPSHGLPHQWV +HQFH IRU D FRQYHQWLRQDO 7'0$
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP WKH XSOLQN &,5 γ LV ZULWWHQ DV
γd =
Pd
PI
=
Pd(r)
NI∑
i=1
Pi(ri)


3URSRVHG 7ZR 7LHU 8SOLQN ,QWHUIHUHQFH 0RGHO
 3URSRVHG 7ZR 7LHU 8SOLQN ,QWHUIHUHQFH 0RGHO
)RU WKH LQLWLDO SURSRVHG XSOLQN LQWHUIHUHQFHPRGHO D WZR GLPHQVLRQDO QRQVHFWRUL]HG KH[DJ
RQDO FHOOXODU OD\RXW QHWZRUN LV FRQVLGHUHG 7KH FHOOXODU VLWH OD\RXW KDV VL[ DQG WZHOYH FR
FKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW DQG VHFRQG WLHU DV LOOXVWUDWHG LQ )LJXUH  7KH %6V
DUH DVVXPHG WR EH XQLIRUPO\ GLVWULEXWHG DQG FHOOV IRUP FOXVWHUV FRFKDQQHO FHOOV DURXQG
UHIHUHQFH FHOOV %60 $OO %6V DUH ORFDWHG DW WKH FHQWHU RI HDFK FHOO DQG WKH\ UHFHLYH VLJ
QDOV IURP DOO WKH XVHUV 06V LQ WKH V\VWHP 7KH VLJQDOV UHFHLYHG IURP DOO WKH XVHUV DUH
DWWHQXDWHG DFFRUGLQJ WR WKH SRZHUODZ SDWK ORVV $OO WKH %6V LQ WKH FHOOV DUH ILWWHG ZLWK
RPQLGLUHFWLRQDO DQWHQQDV
)RU WKH UHPDLQGHU RI WKLV VHFWLRQ ZH SURSRVH D WZR WLHU FRFKDQQHO LQWHUIHUHQFH
PRGHO IRU HPHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7KH SURSRVHG
LQWHUIHUHQFH PRGHO LV XVHG IRU WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV LQ
WKH QH[W FKDSWHU ,Q SURSRVLQJ WKH LQWHUIHUHQFH PRGHO ZH FRQVLGHUHG WKH ILUVW DQG VHFRQG
WLHUV RI FRFKDQQHO FHOO LQ RXU LQWHUIHUHQFH JHQHUDWLRQ 7KH GHVLUHG 06 LV FRQVLGHUHG WR EH
ORFDWHG LQ WKH FHQWUDO FHOO DQG LQWHUIHULQJ PRELOHV DUH ORFDWHG LQ FHOOV LQ WKH ILUVW DQG VHFRQG
WLHUV DV VKRZQ LQ )LJXUH  ,Q )LJXUH  ' GHQRWHV WKH GLVWDQFH EHWZHHQ %60 DQG D
ILUVW WLHU %6 $ VHFRQG WLHU %6 LV WKHUHIRUH DW D GLVWDQFH ' IURP %60 ,Q RUGHU WR VLPSOLI\
DQG HQVXUH DFFXUDF\ RI WKH DQDO\VLV HDFK KH[DJRQDO FHOO LV DSSUR[LPDWHG DV D FLUFXODU FHOO
ZLWK WKH HTXDO DUHD DV LQ > @ ,Q FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ EHFDXVH XSOLQN
LQWHUIHUHQFH DW D %6 LV WKH QRQFRKHUHQW VXP RI LQWHUIHUHQFH VLJQDOV IRUP WKH XVHUV VHUYHG
E\ WKH %6 DQG WKH XVHUV VHUYHG E\ RWKHU %6V >@ IRU D QRQVHFWRUL]HG FHOOXODU V\VWHP WKH
FDUULHUWRQRLVH UDWLR &15 FDQ EH ZULWWHQ DV IROORZV
γd =
Pd
PI +Nm
=
Pd(r)
NFI∑
fi=1
Pfi(rfi) +
NSI∑
si=1
Psi(rsi) +Nm
. 
ZKHUH 1FI LV WKH QXPEHU RI LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU 1SI LV WKH QXPEHU RI FR
FKDQQHO LQWHUIHULQJ FHOOV LQ WKH VHFRQG WLHU 1SI LV FDOFXODWHG XVLQJ HTXDWLRQ  IRU 1FI
  1SI   ×    3d LV WKH UHFHLYHG VLJQDO SRZHU RI WKH GHVLUHG 06 3I  LV WKH WRWDO
LQWHUIHULQJ SRZHU IURP WKH ILUVW DQG VHFRQG WLHU 3fi DQG 3si >:@ DUH WKH DYHUDJH SRZHU
OHYHO UHFHLYHG IURP WKH LWK LQWHUIHULQJ PRELOHV DW GLVWDQFHV Ufi >P@ DQG Usi >P@ LQ WKH ILUVW
DQG VHFRQG WLHU IURP WKH GHVLUHG %6

3URSRVHG 7ZR 7LHU 8SOLQN ,QWHUIHUHQFH 0RGHO
)LJXUH  8SOLQN FRFKDQQHO LQWHUIHUHQFH RQ D GHVLUHG %6 RI D IXOO\ ORDGHG QRQ
VHFWRUL]HG KH[DJRQDO FHOOXODU V\VWHP PRGHO ZLWK  DQG  FRFKDQQHO LQWHUIHULQJ FHOOV
LQ WKH ILUVW DQG VHFRQG WLHU FOXVWHU VL]H 1c  
 %60  WKH UHIHUHQFH FHOO
 060  WKH GHVLUHG 06
 5  WKH FHOO UDGLXV
 Ud  WKH GLVWDQFH RI VHSDUDWLRQ EHWZHHQ 060 DQG %60
 '  WKH GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %65
 '1  WKH GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %67
 %1−6  WKH ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
 %7−12  WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV

6XPPDU\
7R VLPSOLI\ RXU DQDO\VLV ZH PDGH WKH IROORZLQJ DVVXPSWLRQV LQ WKH FRFKDQQHO
LQWHUIHUHQFH PRGHO )LUVW WKH V\VWHP LV FRQVLGHUHG WR EH LQWHUIHUHQFHOLPLWHG ZLWK WKHU
PDO QRLVH SRZHU QHJOLJLEOH UHODWLYH WR WKH FRFKDQQHO LQWHUIHUHQFH SRZHU >@ 7KHUH
IRUH FDUULHU WR QRLVH UDWLR &15 UHGXFHV WR WKH FDUULHUWRLQWHUIHUHQFH SRZHU UDWLR &,5 $OO
LQWHUFKDQQHO LQWHUIHUHQFHV DUH FRQVLGHUHG WR EH QHJOLJLEOH >@ $OO 06V DUH DVVXPHG WR
WUDQVPLW WKH VDPH SRZHU DQG IRU VLPSOLFLW\ ZH DVVXPH HDFK FHOO WR EH FLUFXODU LQ VKDSH
7KURXJKRXW WKH WKHVLV LW LV DVVXPHG WKDW FRFKDQQHO LQWHUIHULQJ VLJQDOV DGG XS LQFRKHUHQWO\
DV WKLV OHDGV WR D PRUH UHDOLVWLF DVVHVVPHQW RI FRFKDQQHO LQWHUIHUHQFH LQ FHOOXODU ZLUHOHVV
QHWZRUN DV UHSRUWHG LQ >@>@
&RQVLGHULQJ D QRQVHFWRUL]HG DQG LQWHUIHUHQFH OLPLWHG FHOOXODU ZLUHOHVV FRPPXQL
FDWLRQ V\VWHP ZLWK 1FI  DQG 1SI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW DQG VHFRQG WLHU
WKH GHVLUHG XVHU &,5 γd LV WKH UDWLR RI DYHUDJH UHFHLYHG SRZHU OHYHO 3d RI GHVLUHG PR
ELOH WR WKH WRWDO LQWHUIHULQJ SRZHU 3I  3I LV WKH SRZHU VXP RI LQGLYLGXDO LQWHUIHUHUV LQ WKH
ILUVW WLHU SOXV WKH SRZHU VXP RI LQGLYLGXDO LQWHUIHUHUV LQ VHFRQG WLHU 7KHUHIRUH &,5 FDQ EH
ZULWWHQ DV
γd =
Pd
PI
=
Pd(r)
NFI∑
fi=1
Pfi(rfi) +
NSI∑
si=1
Psi(rsi)
. 
ZKHUH3fi DQG3si>:@ DUH WKH DYHUDJH SRZHU OHYHO UHFHLYHG IURP WKH LWK LQWHUIHULQJPRELOHV
DW GLVWDQFHV Ufi >P@ DQG Usi >P@ LQ WKH ILUVW DQG VHFRQG WLHU IURP WKH GHVLUHG %6 6LQFH WKH
VLJQDO SRZHUV IRU ERWK WKH GHVLUHG DQG LQWHUIHULQJ PRELOHV H[SHULHQFH IOXFWXDWLRQ EHFDXVH
RI WKH UDQGRP ORFDWLRQ RI 06V LQ WKHLU FHOOV γd LV DOVR D UDQGRP YDULDEOH γd GHSHQGV RQ
WKH GLVWULEXWLRQ RI 3d 3fi¶V DQG 3si¶V ZKLFK LQ WKLV WKHVLV DUH DVVXPHG WR EH XQLIRUPO\
GLVWULEXWHG
 6XPPDU\
,Q WKLV FKDSWHU ZH KDYH VWXGLHG FHOOXODU VLWH OD\RXW $Q LQGXFWLYH DSSURDFK ZDV XVHG WR
JHQHUDWH IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ VXEVHTXHQW
WLHUV RI D FHOOXODU ZLUHOHVV V\VWHP VLWH OD\RXW ,W KDV EHHQ VKRZQ WKDW IRU WKH WKUHH WHVVHOOD
WLRQV RI SODQDU UHJLRQ XVHG IRU FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ FHOO VLWH OD\RXW WKH QXPEHU
RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ DQ\ WLHU LV WKH SURGXFW RI WKH WLHU QXPEHU DQG WKH QXPEHU

6XPPDU\
RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU 1H[W DQ LPSURYHG FRFKDQQHO LQWHUIHUHQFH
PRGHO KDV EHHQ SURSRVHG 8QOLNH WKH FRQYHQWLRQDO FRFKDQQHO LQWHUIHUHQFH PRGHO LQ >@
WKH SURSRVHG LQWHUIHUHQFH PRGHO LQFOXGHV WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
,Q WKH JUHDWHU PRVW SDUW RI WKLV FKDSWHU ZH KDYH SURSRVHG D IRUPXOD IRU FDOFXODWLQJ
WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ FHOO VLWH OD\RXW DQG D FRFKDQQHO LQWHUIHU
HQFH PRGHO ZKLFK LQFOXGHV WKH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 7KHVH
ZH ZLOO XVH LQ VXEVHTXHQW FKDSWHUV IRU L LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV
DQG LL ILQGLQJ WKH WKHRUHWLFDO OLPLW WR FHOO VL]H UDGLXV UHGXFWLRQ IRU LQIRUPDWLRQ FDSDF
LW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV V\VWHPV RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV ,Q WKH
QH[W FKDSWHU ZH PDWKHPDWLFDOO\ FKDUDFWHUL]H WKH DUHD VSHFWUDO HIILFLHQF\ $6( DV D IXQF
WLRQ RI WKH SURSRVHG FRFKDQQHO LQWHUIHUHQFH PRGHO IRU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH
DQDO\VLV ,QIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV LV SHUIRUPHG WR ILQG RXW LI DW KLJKHU
PLFURZDYH FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV VHFRQG WLHU FRFKDQQHO LQWHUIHU
LQJ FHOOV EHFRPHV DFWLYH 7KLV LV DFKLHYHG E\ FRPSDULQJ WKH $6( ZKLFK LQFRUSRUDWHV RXU
SURSRVHG FRFKDQQHO LQWHUIHUHQFH PRGHO ZLWK DQ H[LVWLQJ $6( UHIHUHQFH >@ RI D FHO
OXODU PRELOH UDGLR V\VWHP 7KH QH[W FKDSWHU VWXGLHV WKH HIIHFW RI V\VWHP DQG SURSDJDWLRQ
ORVV SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV QHWZRUNV RS
HUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO UDGLXV ZKHQ ERWK ILUVW DQG VHFRQG WLHU
FRFKDQQHO LQWHUIHULQJ FHOOV DUH DFWLYH

&KDSWHU 
,QIRUPDWLRQ &DSDFLW\ 3HUIRUPDQFH
$QDO\VLV IRU 7ZR 7LHU &RFKDQQHO
,QWHUIHUHQFH

,QWURGXFWLRQ
 ,QWURGXFWLRQ
,Q WKH SUHYLRXV FKDSWHU ZH SURSRVHG D QRYHO IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FR
FKDQQHO LQWHUIHULQJ FHOOV LQ VXEVHTXHQW WLHUV RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
VLWH OD\RXW $ FRFKDQQHO LQWHUIHUHQFH PRGHO ZKLFK LQFOXGHV WKH VHFRQG WLHU FRFKDQQHO
LQWHUIHULQJ FHOOV ZDV SURSRVHG ,Q WKLV FKDSWHU XVLQJ FRQYHQWLRQDO DQG WKH SURSRVHG FR
FKDQQHO LQWHUIHUHQFH PRGHO DQ LQIRUPDWLRQ FDSDFLW\ DQDO\VLV IRU FHOOXODU ZLUHOHVV FRP
PXQLFDWLRQ V\VWHP LV SHUIRUPHG
7KH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV ZDV DFFRPSOLVKHG E\ FRPSDULQJ
WKH DUHD VSHFWUDO HIILFLHQF\ ZKLFK LQFRUSRUDWHV RXU SURSRVHG LQWHUIHUHQFH PRGHO WR WKH
DUHD VSHFWUDO HIILFLHQF\ WKDW LQFRUSRUDWHV WKH FRQYHQWLRQDO LQWHUIHUHQFH PRGHO >@ 7KH
LQIRUPDWLRQ FDSDFLW\ DQDO\VLV VKRZV WKDW DW FDUULHU IUHTXHQFLHV I c >  *+]   
*+] DQG FHOO VL]H UDGLXV 5 <  P VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV EHFRPH
DFWLYH :KLFK LV WKH EDVHV IRU WKH GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU
ZLUHOHVV V\VWHP $ VWXG\ RQ WKH LPSDFW RI V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV VXFK
DV SDWK ORVV H[SRQHQW HIIHFWLYH URDG KHLJKW DQWHQQD KHLJKW RQ WKH LQIRUPDWLRQ FDSDFLW\
RI D FHOOXODU ZLUHOHVV V\VWHP LV WKHQ SHUIRUPHG 5HVXOWV VKRZ WKDW IRU ERWK GLVWDQFH 
GHSHQGHQW DQG HIIHFWLYH URDG KHLJKW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV VHQVLWLYH WR V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV DW
FDUULHU IUHTXHQFLHV I c >  *+]
7KH SURSDJDWLRQ HQYLURQPHQW IRU ZLUHOHVV FRPPXQLFDWLRQV KDV EHHQ RQH RI WKH
PDMRU VRXUFHV RI LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH GHJUDGDWLRQ 7KDW LV WR VD\ WKDW SURS
DJDWLRQ ORVV SDUDPHWHUV DIIHFW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHPV ,Q ZLUHOHVV SURSDJDWLRQ HQYLURQPHQWV WKHUH DUH GLIIHUHQW FDWH
JRULHV RI HQYLURQPHQWV VXFK DV EXLOGLQJV WUHHV URDGV ZDWHU DQG KRPHV >@ 7KH ZLUHOHVV
SURSDJDWLRQ HQYLURQPHQW WKHUHIRUH UHTXLUHV DQ DFFXUDWH PRGHOOLQJ >@ IRU LQIRUPDWLRQ
FDSDFLW\ SHUIRUPDQFH DQDO\VLV RI D FHOOXODU V\VWHP 7KHUHIRUH LW LV QHFHVVDU\ WR VWXG\ WKH
LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FHOOXODU ZLUHOHVV QHWZRUN XQGHU GLIIHUHQW SURSDJD
WLRQ ORVV SDUDPHWHUV 6\VWHP SDUDPHWHUV DOVR DIIHFW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH
RI FHOOXODU ZLUHOHVV V\VWHPV ,W LV WKHUHIRUH LPSRUWDQW WR VWXG\ WKH LPSDFW RI V\VWHP SDUDP
HWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI HPHUJLQJ DQG IXWXUH FHOOXODU V\VWHPV

,QWURGXFWLRQ
7KH LPSDFW RI SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\
SHUIRUPDQFH RI ODQG PRELOH FHOOXODU ZLUHOHVV QHWZRUNV KDV EHHQ VWXGLHG DQG SXEOLVKHG
LQ SUHYLRXV OLWHUDWXUH >    ±@ +RZHYHU IRU PRVW RI WKHVH VWXGLHV WR
SURFHHG DQDO\WLFDOO\ RQO\ ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV ZHUH LQFRUSRUDWHG LQWR WKH
LQWHUIHUHQFH PRGHO ,W ZDV DVVXPHG WKDW LQWHUIHUHQFH EH\RQG WKH ILUVW WLHU VXEVHTXHQW
WLHUV ZDV QHJOLJLEOH 7KLV DVVXPSWLRQ ZDV EDVHG RQ ODUJH SDWK ORVV H[SRQHQW >@ 7KLV
ZDV VXLWDEOH IRU PLFURZDYH FDUULHU IUHTXHQFLHV I c   DQG  *+] DQG FHOO VL]H UDGLXV
5 >  NP ZKLFK ZDV WKH FDVH IRU FRQYHQWLRQDO FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV
&R[ HW DO LQ >@ SHUIRUPHG DQ H[SHULPHQW WR VKRZ WKH GHSHQGHQFH RI ZLUHOHVV
VLJQDO DWWHQXDWLRQ RQ DQWHQQD KHLJKW +RZHYHU WKH FDUULHU IUHTXHQF\ XVHG IRU WKH H[SHU
LPHQW ZDV  0+] *UHHQ LQ >@ FDUULHG RXW VLJQDO DQG SDWK ORVV YDULDELOLW\ DQDO\VLV
IRU VPDOO FHOOV DQG FRQFOXGHG WKDW SDWK ORVV FKDUDFWHULVWLFV ZLWKLQ VPDOOHU FHOOV FRQVLVW RI
WZR GLVWLQFW DQG VHSDUDWH UHJLRQV UHJLRQV EHIRUH DQG DIWHU WKH EUHDNSRLQW J 7KH DQDO\
VLV ZDV IRU FDUULHU IUHTXHQFLHV I c >  *+] EXW RQO\ ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
ZHUH FRQVLGHUHG &UX]3pUH] DQG /DUD5RGUtJXH] LQ >@ VWXGLHG WKH LPSDFW RI EUHDNSRLQW
GLVWDQFH RQ WKH FDSDFLW\ RI 0DQKDWWDQ OLNH PLFURFHOOXODU &'0$ V\VWHP ,Q WKH ZRUN RI
&UX]3pUH] DQG /DUD5RGUtJXH] LQWHUIHUHQFH ZDV DVVXPHG WR EH IURP WKH ILUVW WLHU DQG
WKH\ GLG QRW FRQVLGHU KH[DJRQDO FHOO VLWH OD\RXW ,Q >@ 0LQ DQG %HUWRQL VWXGLHG WKH HI
IHFW RI SDWK ORVV PRGHO RQ &'0$ V\VWHP GHVLJQ IRU KLJKZD\ PLFURFHOOV +RZHYHU WKH\
FRQVLGHUHG D KLJKZD\ VFHQDULR ZKHUH LQWHUIHUHQFH FDPH IURP WKH ILUVW WLHU
$ORXLQL DQG *ROGVPLWK VWXGLHG WKH HIIHFW RI QRUPDOL]HG UHXVH GLVWDQFH SDWK ORVV
DQG FHOO UDGLXV RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP IRU FDUULHU IUHTXHQF\ I c   DQG  *+] >@ $ORXLQL DQG *ROGVPLWK GLG
QRW FRQVLGHU FDUULHU IUHTXHQFLHV I c >  *+] DQG HIIHFWLYH URDG KHLJKW +DU DQG %HUWRQL
VWXGLHG WKH HIIHFW RI FHOO SDUDPHWHUV RQ PLFURFHOO SODQQLQJ FRQVLGHULQJ WKH ILUVW DQG VHFRQG
WLHU FRFKDQQHO LQWHUIHULQJ FHOOV ZLWKRXW FRQVLGHULQJ FDUULHU IUHTXHQFLHV I c> *+] >@
+HUQiQGH] HW DO VWXGLHG WKH HIIHFWV RI FHOO VL]H UDGLXV UHGXFWLRQ DQG SDWK ORVV PRGHO SD
UDPHWHUV RQ WKH SHUIRUPDQFH RI PLFURFHOOXODU QHWZRUNV ZLWKRXW VHFRQG WLHU FRFKDQQHO
LQWHUIHULQJ FHOOV >@ ,Q >@ +HUQiQGH] HW DO VWXGLHG WKH VHQVLWLYLW\ RI V\VWHP SHU
IRUPDQFH WR SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV LQ /26 PLFURFHOOXODU HQYLURQPHQW
IRU FDUULHU IUHTXHQFLHV I c >  *+] +RZHYHU RXWDJH SUREDELOLW\ ZDV XVHG IRU WKH SHUIRU

,QWURGXFWLRQ
PDQFH DQDO\VLV 7KH\ FRQVLGHUHG RQO\ XUEDQ DQG FLJDUVKDSHG PLFURFHOOXODU HQYLURQPHQW
FHOOXODU VLWH OD\RXW
7KH LQIOXHQFH RI WUHHV RQ WKH UDGLR FKDQQHO DW FDUULHU IUHTXHQFLHV RI  DQG  *+]
ZDV VWXGLHG LQ >@ 0DVXL HW DO LQ >@ SURSRVHG D QHZ SDWK ORVV PRGHO IRU WKH FKDU
DFWHUL]DWLRQ RI PLFURZDYH XUEDQ /26 SURSDJDWLRQ 7KDW LV LQWURGXFLQJ HIIHFWLYH URDG
KHLJKW LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO
\VLV $QDQJ HW DO LQ > @ VWXGLHG WKH LPSDFW RI EDVH VWDWLRQ DQWHQQD KHLJKW DQG SDWK
ORVV H[SRQHQW RQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV V\VWHP RSHUDWLQJ
DW FDUULHU IUHTXHQFLHV I c >  *+] ,Q WKHLU VWXG\ VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
ZHUH FRQVLGHUHG WR EH DFWLYH +RZHYHU WKH HIIHFW RI HIIHFWLYH URDG KHLJKW ZDV QRW FRQ
VLGHUHG
(PHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV V\VWHPV ZLOO EH RSHUDWLQJ DW PLFURZDYH FDU
ULHU IUHTXHQF\ I c >  *+] DQG VPDOOHU FHOO VL]H UDGLL 5≤  NP )URP WKH SUHYLRXV FKDSWHU
ZH KDYH SURSRVHG DQ LQWHUIHUHQFH PRGHO ZKLFK LQFOXGHV VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ
FHOOV ,W LV WKHUHIRUH QHFHVVDU\ WR SURYLGH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH FRPSDULVRQ
EHWZHHQ WKH FRQYHQWLRQDO DQG RXU SURSRVHG FRFKDQQHO LQWHUIHULQJ PRGHO ,Q WKLV FKDSWHU
RXU FRQWULEXWLRQ LV DV IROORZV
 7KLV FKDSWHU SURYLGHV DQ XSOLQN LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH FRPSDULVRQ IRU
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP XVLQJ RXU SURSRVHG DQG FRQYHQWLRQDO LQWHU
IHUHQFH PRGHO
 7R VWXG\ WKH LPSDFW RI SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV VXFK DV %6 DQ
WHQQD KHLJKW HIIHFWLYH URDG KHLJKW RQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU
ZLUHOHVV V\VWHP XVLQJ WKH SURSRVHG LQWHUIHUHQFH PRGHO
 7KH QXPHULFDO UHVXOW VKRZV WKDW DW FDUULHU IUHTXHQFLHV I c >  *+] DQG VPDOOHU FHOO
VL]H UDGLL 5 ≤  P VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOO EHFRPHV DFWLYH
 7KH QXPHULFDO UHVXOW VKRZV WKDW FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LQIRUPD
WLRQ FDSDFLW\ SHUIRUPDQFH DUH VHQVLWLYLW\ WR V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV
HYHQ ZKHQ VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOO EHFRPHV DFWLYH
7KH UHPLQGHU RI WKLV FKDSWHU LV RUJDQL]HG DV IROORZV &KDSWHU  GHVFULEHV WKH JHQHUDO

7ZR  7LHU &RFKDQQHO ,QWHUIHUHQFH 0RGHO
V\VWHP PRGHOV DQG RXWOLQHV WKH EDVLF DVVXPSWLRQ IRU RXU V\VWHP PRGHOOLQJ &KDSWHU 
SUHVHQWV WKH V\VWHPPRGHO IRU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV  7KH VLPXODWLRQ
PRGHO DQG VLPXODWLRQ SDUDPHWHUV XVHG IRU WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH FRPSDU
LVRQ DUH SUHVHQWHG LQ &KDSWHU  &KDSWHU  SURYLGHV QXPHULFDO UHVXOWV IRU WKH LQIRU
PDWLRQ FDSDFLW\ SHUIRUPDQFH FRPSDULVRQ )LQDOO\ D VXPPDU\ RI WKH FKDSWHU LV SUHVHQWHG
LQ &KDSWHU  7KH ZRUN LQ WKLV FKDSWHU LV SXEOLVKHG LQ >±@
 7ZR  7LHU &RFKDQQHO ,QWHUIHUHQFH 0RGHO
)RU WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH FRPSDULVRQ D FHOOXODU ZLUHOHVV V\VWHP RSHUDW
LQJ DW FDUULHU IUHTXHQFLHV I c >  *+] DQG KDYLQJ VPDOOHU FHOO VL]H UDGLXV 5 ≤  NP LV
FRQVLGHUHG 7KH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV DUH DVVXPHG WR EH DFWLYH
DV GHVFULEHG LQ &KDSWHU  8VLQJ WKH VDPH QRWDWLRQV LQ &KDSWHU  WKH GHVLUHG 06
FDUULHUWRLQWHUIHUHQFH UDWLR &,5 γd LV PDWKHPDWLFDOO\ UHSUHVHQWHG E\ HTXDWLRQ 
 0RELOH DQG ,QWHUIHULQJ 8VHUV 'LVWULEXWLRQ LQ &HOOV
)RUPDWKHPDWLFDO FRQYHQLHQFH DQG DFFXUDF\ RI WKH DQDO\VLV WKH FHOO VKDSH LV DSSUR[LPDWHG
E\ D FLUFOH RI UDGLXV 5 DQG DOO FHOOV DUH DVVXPHG WR KDYH HTXDO DUHD ,W LV DVVXPHG HUUR
QHRXVO\ WKDW DOO 06 DUH ZLWKLQ WKH FLUFOH RI UDGLXV 5 'HVLUHG 06¶V DQG LQWHUIHULQJ 06 DUH
DVVXPHG WR EH XQLIRUPO\ DQG LQGHSHQGHQWO\ GLVWULEXWHG >π@ LQ WKHLU UHVSHFWLYH FHOOV
DV LOOXVWUDWHG LQ )LJXUH  7KH XQLIRUP DQG LQGHSHQGHQW GLVWULEXWLRQ RI 06 ZDV FKRVHQ
L IRU LWV VLPSOLFLW\ DQG LL EHFDXVH LW SURYLGHV D JHQHUDO DQG UHDOLVWLF UHSUHVHQWDWLRQ RI
UHDO OLIH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV >@ 1RWH ZH DOVR DVVXPHG 06 DUH
ORFDWHG LQ WKH IDU ILHOG UHJLRQ 7KHUHIRUH ZH GHVFULEH WKH SUREDELOLW\ GLVWULEXWLRQ IXQFWLRQ
3') RI D PRELOH ORFDWLRQ UHODWLYH WR D %6 DV
pr,θ (r, θ) =
(r −R0)
π(R−R0)2 ; R0 ≤ r ≤ R, 0 ≤ θ ≤ 2π. 
ZKHUH 50 UHSUHVHQWV WKH PLQLPXP GLVWDQFH D PRELOH FDQ EH IURP D %6 DQWHQQD ,W GHILQHV
D VPDOO FLUFXODU DUHD DURXQG WKH 06 WR EH NHSW IUHH IURP LQWHUIHUHV WKDW LV  WKH IDU ILHOG
UHJLRQ $ UHDVRQDEOH YDOXH DURXQG  P LV QRUPDOO\ UHFRPPHQGHG IRU VPDOOHU FHOO VL]H
FHOOXODU ZLUHOHVV V\VWHPV

7ZR  7LHU &RFKDQQHO ,QWHUIHUHQFH 0RGHO
)LJXUH  *HRPHWU\ RI GHVLUHG XVHU DQG LQWHUIHULQJ XVHUV LQ WZR FRFKDQQHOV FHOOV GLI
IHUHQW WLHUV
 %60  WKH UHIHUHQFH FHOO
 %61  ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOO
 %67  VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOO
 '  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %61
 '1  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %67
 U  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ 060 DQG %60
 Ui1  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG ;i1
 Ui2  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG ;i2
 θi1  GLUHFWLRQ RI 06i1 WUDYHO UHIHUHQFHG WR D YHFWRU IURP %60 WR %61
 θi2  GLUHFWLRQ RI 06i2 WUDYHO UHIHUHQFHG WR D YHFWRU IURP %60 WR %67

6\VWHP 0RGHO IRU ,QIRUPDWLRQ &DSDFLW\ $QDO\VLV
 6\VWHP 0RGHO IRU ,QIRUPDWLRQ &DSDFLW\ $QDO\VLV
$Q LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH FRPSDULVRQ IRU WKH WZR LQWHUIHUHQFH PRGHO FRQ
YHQWLRQDO DQG SURSRVHG LV SUHVHQWHG LQ WKLV VHFWLRQ 7KH DQDO\VLV LV EDVHG RQ WKH XSOLQN
DUHD VSHFWUDO HIILFLHQF\ ,W LV DQ H[WHQVLRQ RI WKH ZRUN LQ >@ WR LQFOXGH VHFRQG WLHU FR
FKDQQHO LQWHUIHULQJ FHOOV 7KH DUHD VSHFWUDO HIILFLHQF\ LV GHILQHG DV WKH DFKLHYDEOH VXP
UDWH RI DOO XVHUV LQ D FHOO SHU XQLW EDQGZLGWK SHU XQLW DUHD 7KH DQDO\VLV DSSOLHV WR 7'0$
FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7'0$ LV WKH PRVW UHSUHVHQWDWLYH RI PXOWLSOH
DFFHVV FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7KH FHOOXODU V\VWHP LV FRQVLGHUHG WR EH
IXOO\ ORDGHG 7KDW LV WKH FHOO¶V UHVRXUFHV VHUYLFHG FKDQQHOV DUH IXOO\ XVHG 7KH QXPEHU
RI LQWHUIHUHUV LV FRQVWDQW DQG HTXDOV WKH VXP RI ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ
FHOO 1FI  1SI  7KH FHOOXODU V\VWHP XVHG IRU WKH DQDO\VLV LV QRQVHFWRUL]HG ,W PXVW EH
QRWHG WKDW RXU DQDO\VLV FDQ EH H[WHQGHG WR WKH GRZQOLQN DQG VHFWRUL]HG FHOOXODU V\VWHP
 $UHD 6SHFWUDO (IILFLHQF\  &RQYHQWLRQDO
7KH DUHD VSHFWUDO HIILFLHQF\ IRU D IXOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU ZLUHOHVV FRPPXQL
FDWLRQ V\VWHP LV JLYHQ E\ >@ DV
Ae =
Ns∑
k=1
Ck
πW (D/2)2

ZKHUH: LV WKH WRWDO EDQGZLGWK DOORFDWHG WR HDFK FHOO 7KH UHXVH GLVWDQFH' >P@ LV GHILQHG
DV WKH GLVWDQFH EHWZHHQ %6¶V XVLQJ WKH VDPH IUHTXHQF\ VHW &k LV WKH DFKLHYDEOH VXP UDWH
1s LV WKH QXPEHU RI VHUYLFH FKDQQHO SHU FHOO
7KH DFKLHYDEOH VXP UDWH&k LV WKH 6KDQQRQ FDSDFLW\ RI WKH NWK XVHU &k GHSHQGV RQ
γd WKH UHFHLYHG FDUULHU WR LQWHUIHUHQFH SRZHU UDWLR &,5 RI WKDW XVHU DQG: k WKH EDQGZLGWK
DOORFDWHG WR WKH XVHU 7KH 6KDQQRQ FDSDFLW\ IRUPXOD DVVXPHV WKH LQWHUIHUHQFH KDV*DXVVLDQ
FKDUDFWHULVWLFV > @ %HFDXVH LW LV DVVXPHG WKDW WKH LQWHUIHUHQFH DQG VLJQDO SRZHU RI
WKH NWK XVHU YDU\ ZLWK PRELOHV ORFDWLRQ DQG SURSDJDWLRQ FRQGLWLRQV γd YDULHV ZLWK WLPH
7KHUHIRUH WKH DYHUDJH FKDQQHO FDSDFLW\ RI WKH NWK XVHU LV JLYHQ E\
⟨Ck⟩ = Wk
∫ +∞
0
log2(1 + γ) pγ(γ) dγ, 

6\VWHP 0RGHO IRU ,QIRUPDWLRQ &DSDFLW\ $QDO\VLV
ZKHUH Sγ(γ) LV WKH SUREDELOLW\ GLVWULEXWLRQ IXQFWLRQ 3') RI WKH DYHUDJH PHDQ &,5 γd
RI WKH NWK XVHU
7KH WUDQVPLVVLRQ UDWH LV DVVXPHG WR EH FRQWLQXRXVO\ DGDSWHG UHODWLYH WR WKH &,5 LQ
VXFK D PDQQHU WKDW WKH %(5 JRHV WR ]HUR DV\PSWRWLFDOO\ ,Q HTXDWLRQ  LI DOO XVHUV DUH
DVVLJQHG WKH VDPH EDQGZLGWK ⟨Ck⟩  ⟨C⟩ EHFRPHV WKH VDPH IRU DOO XVHUV 7KHUHIRUH
WKH DUHD VSHFWUDO HIILFLHQF\ ⟨Ae⟩ LV UHSUHVHQWHG E\
⟨Ae⟩ = 4Ns⟨C⟩
πWD2
=
4Ns⟨C⟩
πWR2uR
2
, 
ZKHUH 5u LV GHILQHG DV WKH QRUPDOL]HG UHXVH GLVWDQFH DQG LV JLYHQ E\ WKH UDWLR RI UHXVH
GLVWDQFH DQG FHOO UDGLXV '5 ,Q 7'0$ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKH
WRWDO EDQGZLGWK LV DOORFDWHG WR RQO\ RQH DFWLYH XVHU SHU WLPH VORW 1   DQG :k  : 
6XEVWLWXWLQJ :1 LQ HTXDWLRQ  IROORZHG E\ VXEVWLWXWLRQ LQWR HTXDWLRQ  JLYHV WKH
$6( DV
⟨Ae⟩ = 4
πR2uR
2
∫ +∞
0
log2(1 + γ) pγ(γ) dγ. 
 $UHD 6SHFWUDO (IILFLHQF\ IRU 7ZR7LHU ,QWHUIHUHQFH 0RGHO
)URP VHFWLRQ  XVHUV ZHUH DVVXPHG WR EH UDQGRPO\ ORFDWHG LQ WKHLU UHVSHFWLYH %6
7KHUHIRUH γd LV D UDQGRP YDULDEOH DQG LW GHSHQGV RQ WKH UDQGRP SRVLWLRQ RI WKH XVHU
DQG WKH VXPV RI LQWHUIHUHQFH IURP WKH ILUVW DQG VHFRQG WLHU :LWKRXW SRZHU FRQWURO WKH
DYHUDJHFDVH LQWHUIHUHQFH FRQILJXUDWLRQ FRUUHVSRQGV WR WKH FDVH ZKHUH DOO WKH 1FI DQG
1SI FRFKDQQHO LQWHUIHUHV DUH DW WKH FHQWHU RI WKHLU UHVSHFWLYHO\ %6V $W GLVWDQFHV Ui1  '
>P@ DQG Ui2  ' >P@ IURP WKH GHVLUHG PRELOH¶V %6 1RWH WKDW ZH GLG QRW FRQVLGHU SRZHU
FRQWURO EHFDXVH LW LV HVVHQWLDO IRU GLUHFW VHTXHQFH &'0$ V\VWHPV >@ $V VKRZQ LQ
)LJXUH  DVVXPLQJ WKDW WKH WUDQVPLWWHG SRZHU RI DOO XVHUV DUH WKH VDPH DQG DVVXP
LQJ GLVWDQFH GHSHQGHQW SDWK ORVV XVLQJ HTXDWLRQ  DQG HTXDWLRQ  ZH REWDLQ WKH

6\VWHP 0RGHO IRU ,QIRUPDWLRQ &DSDFLW\ $QDO\VLV
GHVLUHG 06¶V &,5 DV IROORZV
γd(r,NFI , NSI) =
Pd(r)
NFI∑
i1=1
Pi1(ri1) +
NSI∑
i2=1
Pi2(ri2)
=
r−α(1 + r/g)−ρ
NFI∑
i1=1
r−αi1 (1 + ri1/g)
−ρ +
NSI∑
i2=1
r−αi2 (1 + ri2/g)
−ρ
=
r−α(1 + r/g)−ρ
NFI∑
i1=1
D−α(1 +D/g)−ρ +
NSI∑
i2=1
(2D)−α(1 + (2D)/g)−ρ
=
r−α(1 + r/g)−ρ
NFI∑
i1=1
RRu−α(1 + RRu/g)−ρ +
NSI∑
i2=1
(2RRu)−α(1 + (2RRu)/g)−ρ
=
(
2α.NFI +NSI
NFI .NSI
)
.
(
RuR
r
)α(
g + 2RuR
g + r
)ρ
, 
ZKHUH U LV WKH GLVWDQFH IURP GHVLUHG 06¶V WR GHVLUHG %6¶V ' LV WKH GLVWDQFH EHWZHHQ
WZR %6V¶ XVLQJ WKH VDPH IUHTXHQF\ DQG LW LV WKH SURGXFW RI WKH FHOO VL]H UDGLXV DQG QRU
PDOL]HG UHXVH GLVWDQFH 5u× 5 6LQFH γd LV D IXQFWLRQ RI U WKH GHVLUHG XVHU FDSDFLW\
⟨C(r,NFI , NSI)⟩ LV JLYHQ E\
⟨C(r,NFI , NSI)⟩ = Wo log2(1 + γ(r,NFI , NSI)), 
6XEVWLWXWLQJ HTXDWLRQ  LQ HTXDWLRQ  \LHOGV WKH $6( FRQGLWLRQHG RQ WKH GHVLUHG
PRELOH SRVLWLRQ U IRU D IXOO\ORDGHG V\VWHP ,QWHJUDWLQJ HTXDWLRQ  RYHU WKH GHVLUHG
XVHU¶V SRVLWLRQ 3') HTXDWLRQ  \LHOGV WKH DYHUDJH $6( IRU WKH DYHUDJH LQWHUIHUHQFH
FRQILJXUDWLRQ DV
⟨Ae(r,NFI , NSI)⟩ = 4
πR2uR
2
∫ R
R0
log2(1 + γ)pγ(r) dr, 
7KH HTXDWLRQ  VKRZV WKDW WKH DYHUDJH DUHD VSHFWUDO HIILFLHQF\ PDLQO\ GHSHQGV RQ
WKH PHDQ &,5 ZKLFK LV D IXQFWLRQ RI UDQGRP ORFDWLRQV RI WKH 06 7KLV PDNHV WKH $6(
PDWKHPDWLFDOO\ LQWUDFWDEOH WR VROYH $ FRPSXWHU VLPXODWLRQ LV WKHUHIRUH XVHG WR VROYH LW

6LPXODWLRQ 0RGHO,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  ,QWHJUDWHG VLPXODWLRQ HQYLURQPHQW IRU LQIRUPDWLRQ FDSDFLW\ DQDO\VLV
 6LPXODWLRQ0RGHO,QIRUPDWLRQ&DSDFLW\&RPSDULVRQ
&RPSXWHU VLPXODWLRQV ZHUH FDUULHG RXW WR FRPSDUH WKH FHOOXODU V\VWHP LQIRUPDWLRQ FD
SDFLW\ SHUIRUPDQFH IRU WKH FRQYHQWLRQDO DQG RXU SURSRVHG WZR WLHU LQWHUIHUHQFH PRGHO
7KH FRPSDULVRQ ZDV SHUIRUPHG IRU GLIIHUHQW FDUULHU IUHTXHQFLHV DQG FHOO VL]H UDGLL &RP
SXWHU VLPXODWLRQV ZHUH XVHG EHFDXVH WKH DQDO\VLV LV PDWKHPDWLFDOO\ LQWUDFWDEOH WR VROYH
H[SOLFLWO\ ,Q RUGHU WKDW WKLV VLPXODWLRQ PRGHO FDQ EH XVHG LQ D YDULHW\ RI WDVNV IOH[LELOLW\
LV SURYLGHG LQ WHUPV RI LWV LQSXWV DQG RXWSXWV )LJXUH  VKRZV WKH VLPXODWLRQ HQYLURQ
PHQW 7KH REMHFWLYH RI WKLV VLPXODWLRQ LV WR JHQHUDWH VXIILFLHQW GDWD WR H[DPLQH WKH DUHD
VSHFWUDO HIILFLHQF\ DQG UHODWHG V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV DV D IXQFWLRQ RI
FHOO VL]H UDGLXV DQG QRUPDOL]HG UHXVH GLVWDQFH

6LPXODWLRQ 0RGHO,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  )ORZ FKDUW IRU LQIRUPDWLRQ FDSDFLW\ FRPSDULVRQ VLPXODWLRQV

6LPXODWLRQ 0RGHO,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
 6LPXODWLRQ 6HWXS IRU 2QH DQG 7ZR 7LHU ,QWHUIHUHQFH 0RGHO
$ XQLIRUP GLVWULEXWLRQ LV DVVXPHG IRU WKH LQLWLDO VSDWLDO ORFDWLRQ RI WKH GHVLUHG XVHU DV
GHVFULEHG LQ VXEVHFWLRQ  7KLV DVVXPSWLRQ LV YDOLG EHFDXVH LQ D FHOOXODU ZLUHOHVV
QHWZRUN WKH UHODWLYH SRVLWLRQ RI PRELOH XVHUV LQ FHOOV YDULHV UDQGRPO\ JLYLQJ RQ WKH DY
HUDJH DQ DSSUR[LPDWHO\ XQLIRUP GLVWULEXWLRQ RI SRVVLEOH SRVLWLRQV 7KH SRODU FRRUGLQDWHV
[i1θi1 DQG [i2θi2 RI WKH 1fi DQG 1si FRFKDQQHO LQWHUIHULQJ PRELOHV LQ WKH ILUVW DQG
VHFRQG WLHU DUH DOVR DVVXPHG WR EH XQLIRUPO\ GLVWULEXWHG DFFRUGLQJ WR HTXDWLRQ  7KH
OLPLWV RI WKH GLVWULEXWLRQ DUH LQ WKH UDQJH RI >π@ ZLWK UHVSHFW WR FXUUHQW SRVLWLRQ RI 06
7KH JHRPHWU\ IRU FDOFXODWLRQ RI LQWHUIHUHQFH IRU WKH VLPXODWLRQ LV VKRZQ LQ )LJXUH 
+RZ WKH VLPXODWLRQ SURFHHGV LV LOOXVWUDWHG E\ D IORZ FKDUW LQ )LJXUH  7KH GLVWDQFH Ufi
IRU HDFK FRFKDQQHO LQWHUIHUHU IURP WKH ILUVW WLHU WR WKH GHVLUHG %6 IRU WKH VLPXODWLRQ LV
FDOFXODWHG E\
rfi =
√
D2 + x2i1 − 2Dxi1cos(θi1) 
7KH GLVWDQFH Usi IRU HDFK FRFKDQQHO LQWHUIHUHU IURP WKH VHFRQG WLHU WR WKH GHVLUHG %6 IRU
WKH VLPXODWLRQ LV FDOFXODWHG E\
rsi =
√
(2D)2 + x2i2 − 4Dxi2cos(θi2) 
7KH WZRVORSH SDWK ORVV PRGHO LQ HTXDWLRQ  LV XVHG WR FDOFXODWH WKH DYHUDJH UHFHLYHG
VLJQDO SRZHU IRU WKH GHVLUHG 06 3d DQG LQWHUIHULQJ 06V¶ 3fi¶V DQG 3si¶V LQ WKH ILUVW
DQG VHFRQG WLHU RI FRFKDQQHO FHOOV IRU WKH VLPXODWLRQ 1RWH WKDW WKH DYHUDJH UHFHLYHG
VLJQDO SRZHU EDVHG RQ WKH WZRVORSH SDWK ORVV PRGHO LV GLVWDQFH GHSHQGHQW $OVR γd
LV D IXQFWLRQ RI GLVWDQFH U 7KHUHIRUH WKH WZRVORSH SDWK ORVV PRGHO LV VWLOO VXLWDEOH IRU
WKH PRGHOOLQJ WKH VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH )RU WKH VLPXODWLRQ &,5 γd LV
FDOFXODWHG E\
γd =
1
rα(g + r)ρ
(
NFI∑
fi=1
1
rα
fi
(g+rfi)ρ
+
NSI∑
si=1
1
rαsi(g+rsi)
ρ
) 
ZKHUH U LV WKH GLVWDQFH EHWZHHQ D GHVLUHG 06 DQG LWV %6 1FI DQG 1SI  DUH WKH QXPEHU
RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW DQG VHFRQG WLHU α DQG ρ DUH WKH EDVLF DQG H[WUD
SDWK ORVV H[SRQHQWV 7KH DUHD VSHFWUDO HIILFLHQF\ ⟨Ae⟩ IRU D GHVLUHG 06 LV WKHQ FDOFXODWHG

6LPXODWLRQ 0RGHO,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
3DUDPHWHUV 9DOXHV
&HOO UDGLXV  WR  P
3DWK ORVV H[SRQHQWα    DQG 
$GGLWLRQDO SDWK ORVV H[SRQHQW ρ 
5HIHUHQFH GLVWDQFHG0  P
3DWK ORVV FRQVWDQW.  ORJ10(λc/4πd0 G%
06 WUDQVPLVVLRQ SRZHU 3t  :
%6 DQWHQQD KHLJKW Kb   DQG  P >  @
06 DQWHQQD KHLJKW Km  DQG  P >  @
0RELOH 'LVWULEXWLRQ 8QLIRUP DQG 5DQGRP
,QWHUIHUHQFH )LUVW DQG 6HFRQG 7LHUV
&DUULHU IUHTXHQFLHV I c     DQG  *+] > @
)UHTXHQF\ UHXVH IDFWRU  >@
7DEOH  6LPXODWLRQ 3DUDPHWHUV IRU ,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
E\
⟨Ae⟩ = 4
πR2uR
2
ORJ2(1 + γd). 
ZKHUH 5u LV WKH QRUPDOL]HG UHXVH GLVWDQFH DQG 5 LV WKH FHOO VL]H UDGLXV 7KH V\VWHP SDUDP
HWHUV XVHG LQ WKH VLPXODWLRQV DUH EDVLF SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW
ρ   QRUPDOL]HG UHXVH GLVWDQFH 5u   FHOO UDGLL 5    DQG  P %V DQWHQQD
Kb   P DQG 06 DQWHQQD KHLJKW Km   P DQG FDUULHU IUHTXHQFLHV I c    
 DQG  *+] ,W KDV EHHQ UHSRUWHG WKDW PLFURZDYH EDQGV    *+] DUH WR EH
XVHG LQ IXWXUH ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV > @ 1RZ LW PXVW EH VWDWHG WKDW WKH
SK\VLFV RI UDGLR ZDYH SURSDJDWLRQ WHQGV WR FKDQJH DW FDUULHU IUHTXHQFLHV DERYH  *+]
ZKHQ UDLQ DWWHQXDWLRQ EHJLQV WR EH VLJQLILFDQW > @ WKHUHIRUH L IRU WKH ZRUN WR EH
SUDFWLFDOO\ DSSOLFDEOH DKHDG RI IXWXUH ZLUHOHVV DSSOLFDWLRQ ZH FRQVLGHU FDUULHU IUHTXHQFLHV
EHORZ  *+] LL LQ RUGHU QRW WR GLYHUW LQWR RWKHU UHVHDUFK FKDOOHQJHV UHODWLQJ WR IXWXUH
ZLUHOHVV V\VWHP VXFK DV SURSDJDWLRQ PRGHOOLQJ >@ FDUULHU IUHTXHQFLHV I c   
DQG  *+] ZHUH FRQVLGHUHG IRU WKH DQDO\VLV DQG VLPXODWLRQ LQ WKLV ZRUN 7KHVH FDUULHU
IUHTXHQFLHV ZHUH FRQVLGHUHG EHFDXVH WKH SURSDJDWLRQ PRGHOOLQJ UHODWLQJ WR WKRVH FDUULHU
IUHTXHQFLHV I c    DQG  *+] KDYH DOUHDG\ EH GRQH >@ :H SUHVHQW D VXP

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
PDU\ RI WKH VLPXODWLRQ SDUDPHWHUV LQ 7DEOH  7KH PDLQ HPSKDVLV RI WKH VLPXODWLRQ LV WR
UHIOHFW DV IDU DV SRVVLEOH D WUXO\ W\SLFDO FDVH RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
7KHUHIRUH WKH VLPXODWLRQ SURFHVV QHHGV WR EH UHSHDWHG D ODUJH QXPEHU RI WLPHV 5HSHDWLQJ
WKH VLPXODWLRQ ZLOO PLQLPL]H WKH LQIOXHQFH RI LQLWLDO FRQGLWLRQV DQG WKH YDULDWLRQ RI WKH
VWRFKDVWLF SURFHVVHV 7KH VLPXODWLRQ SURFHVV ZDV UHSHDWHG   WLPHV IRU LW WR UHDFK
D VWHDG\ VWDWH FRQGLWLRQ 7KH YDOXH ⟨Ae⟩ ZDV WKHQ HVWLPDWHG E\ WDNLQJ WKH DYHUDJH RI DOO
WKH REVHUYDWLRQV RI $e
 1XPHULFDO 5HVXOWV,QIRUPDWLRQ&DSDFLW\&RPSDULVRQ
,Q WKLV VHFWLRQ ZH SUHVHQW VLPXODWLRQ UHVXOWV IRU WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH
FRPSDULVRQ EHWZHHQ WKH FRQYHQWLRQDO DQG SURSRVHG LQWHUIHUHQFH PRGHO IRU FHOOXODU ZLUH
OHVV FRPPXQLFDWLRQ V\VWHPV 2XU VLPXODWLRQ UHVXOWV FROODERUDWHV UHVXOWV LQ >@ 7KH UH
VXOWV VKRZ WKDW GHFUHDVLQJ UHXVH GLVWDQFH DQG UHGXFLQJ FHOO VL]H UDGLXV OHDGV WR DQ LQFUHDVH
LQ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP )LJXUHV  
 VKRZ SORWV RI DYHUDJH DUHD VSHFWUDO HIILFLHQF\ $6( YHUVXV QRUPDOL]HG UHXVH GLVWDQFH
5u IRU GLIIHUHQW FDUULHU IUHTXHQFLHV I c DQG FHOO VL]H UDGLXV 5 7KH SORWV VKRZ WKDW DW 5  
 P IRU GLIIHUHQW I c      DQG  *+] WKH LQIRUPDWLRQ FDSDFLW\ IRU
WKH WZR LQWHUIHUHQFH PRGHOV RYHUOD\ HDFK RWKHU 7KLV PHDQV WKDW IRU FHOO VL]H UDGLXV 5 ≥
 P WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV GLG QRW DIIHFW WKH LQIRUPDWLRQ FDSDFLW\
SHUIRUPDQFH RI WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
)LJXUH  VKRZV WKDW ZKHQ I c   0+] DQG 5   P IRU D QRUPDOL]HG UHXVH
GLVWDQFH 5u   WKHUH ZDV D   GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH WZR LQWHU
IHUHQFH PRGHOV DQG IRU  P WKH GHFUHDVH ZDV   )LJXUH  SURYLGHV WKH GHFUHDVH
LQ LQIRUPDWLRQ FDSDFLW\ IRU I c   *+] 7KH FXUYH VKRZV D GHFUHDVH RI   LQ $6( IRU
5   P DQG 5u   :KHQ 5   P WKH GHFUHDVH ZDV   7KH FXUYH IRU I c  
*+] LV SURYLGHG LQ )LJXUH  7KH GHFUHDVH LQ $6( IRU 5   DQG  P IRU 5u   LV
 DQG   )LJXUH  VKRZV WKDW ZKHQ I c   *+] DQG 5u   IRU 5   P
WKH GHFUHDVH LQ $6( EHWZHHQ WKH FRQYHQWLRQDO DQG SURSRVHG LQWHUIHUHQFH PRGHO ZDV 
 )RU 5   P WKH GHFUHDVH ZDV   7KH FXUYH IRU FDUULHU IUHTXHQF\ I c  
*+] LV SURYLGHG LQ )LJXUH  7KH FXUYHV VKRZ WKDW DW D QRUPDOL]HG UHXVH GLVWDQFH

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  &RPSDULVRQ RI WKH DYHUDJH DUHD VSHFWUDO HIILFLHQF\ $6( IRU VLQJOH DQG WZR
WLHU FRFKDQQHO LQWHUIHUHQFHPRGHO IRU GLIIHUHQW QRUPDOL]HG UHXVH GLVWDQFHV5u DQG FHOO VL]H
UDGLXV 5 )XOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU V\VWHP FDUULHU IUHTXHQF\ I c   0+]
SDWK ORVV H[SRQHQW α   DQG H[WUD SDWK ORVV H[SRQHQW ρ   %6 DQWHQQD KHLJKW Kb  
P DQG 06 DQWHQQD KHLJKW Km   P QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW
WLHU 1FI   DQG VHFRQG WLHU 1SI  
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  &RPSDULVRQ RI WKH DYHUDJH DUHD VSHFWUDO HIILFLHQF\ $6( IRU VLQJOH DQG WZR
WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW QRUPDOL]HG UHXVH GLVWDQFHV 5u DQG FHOO
VL]H UDGLXV 5 )XOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU V\VWHP FDUULHU IUHTXHQF\ I c   *+]
SDWK ORVV H[SRQHQW α   DQG H[WUD SDWK ORVV H[SRQHQW ρ   %6 DQWHQQD KHLJKW Kb  
P DQG 06 DQWHQQD KHLJKW Km   P QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW
WLHU 1FI   DQG VHFRQG WLHU 1SI  
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  &RPSDULVRQ RI WKH DYHUDJH DUHD VSHFWUDO HIILFLHQF\ $6( IRU VLQJOH DQG WZR
WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW QRUPDOL]HG UHXVH GLVWDQFHV 5u DQG FHOO
VL]H UDGLXV 5 )XOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU V\VWHP FDUULHU IUHTXHQF\ I c  
*+] SDWK ORVV H[SRQHQW α   DQG H[WUD SDWK ORVV H[SRQHQW ρ   %6 DQWHQQD KHLJKW Kb
  P DQG 06 DQWHQQD KHLJKW Km   P QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH
ILUVW WLHU 1FI   DQG VHFRQG WLHU 1SI  
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
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1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  &RPSDULVRQ RI WKH DYHUDJH DUHD VSHFWUDO HIILFLHQF\ $6( IRU VLQJOH DQG WZR
WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW QRUPDOL]HG UHXVH GLVWDQFHV 5u DQG FHOO
VL]H UDGLXV 5 )XOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU V\VWHP FDUULHU IUHTXHQF\ I c  
*+] SDWK ORVV H[SRQHQW α   DQG H[WUD SDWK ORVV H[SRQHQW ρ   %6 DQWHQQD KHLJKW Kb
  P DQG 06 DQWHQQD KHLJKW Km   P QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH
ILUVW WLHU 1FI   DQG VHFRQG WLHU 1SI  
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
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 %6 DQWHQQD KHLJKW Kb   P DQG
06 DQWHQQD KHLJKW Km   P QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU 1FI
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 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
 $6( IRU FRQYHQWLRQDO VLQJOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P >@
 $6( IRU SURSRVHG WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO 5   P
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7DEOH  3HUFHQWDJH 'HFUHDVH LQ $UHD 6SHFWUDO (IILFLHQF\ EHWZHHQ VLQJOH DQG WZR WLHU
,QWHUIHUHQFH 0RGHO IRU 'LIIHUHQW &HOO 6L]H 5DGLXV 5
5u   IRU FHOO VL]H UDGLXV5   DQG P WKH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ LV 
DQG   7KHVH UHVXOWV VKRZ WKDW DV FDUULHU IUHTXHQF\ LQFUHDVHV DQG FHOO VL]H UDGLXV
GHFUHDVHV WKH SHUFHQWDJH GHFUHDVH LQ $6( EHWZHHQ WKH FRQYHQWLRQDO DQG SURSRVHG FR
FKDQQHO LQWHUIHUHQFH PRGHO LQFUHDVHV $ VXPPDU\ RI WKH UHVXOWV LV SUHVHQWHG LQ 7DEOH 
)URP WKH UHVXOWV LW FDQ EH FRQFOXGHG WKDW DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO
VL]H UDGLL WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOO EHFRPH DFWLYH 7KH LQWHUIHUHQFH IURP
WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV WKHUHIRUH FDXVHV D UHGXFWLRQ LQ WKH LQIRUPDWLRQ
FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
 (IIHFW RI %DVLF 3DWK /RVV ([SRQHQW7ZR 7LHU ,QWHUIHUHQFH
,Q WKLV VHFWLRQ ZH SUHVHQW QXPHULFDO UHVXOWV RQ WKH LPSDFW RI EDVLF SDWK ORVV H[SRQHQW
RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FHOOXODU ZLUHOHVV V\VWHP 7KH DLP RI WKH

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
UHVXOWV SUHVHQWHG LQ WKLV VHFWLRQ LV WR PDNH FOHDU WKH LQIOXHQFH RI EDVLF SDWK ORVV H[SRQHQW
RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI HPHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV V\V
WHPV 2XU VLPXODWLRQ FRPSDUHV UHVXOWV IRU WKH FRQYHQWLRQDO PRGHO SUHVHQWHG LQ >@ ILUVW
WLHU FRFKDQQHO LQWHUIHULQJ FHOO RQO\ WR RXU SURSRVHG PRGHO ILUVW DQG VHFRQG FRFKDQQHO
LQWHUIHULQJ FHOO SUHVHQWHG LQ WKLV ZRUN 
)LJXUH    VKRZV WKH FXUYHV IRU DUHD VSHFWUDO HIILFLHQF\ $6( YHUVXV FHOO VL]H
UDGLXV 5 7KH FXUYHV DUH IRU GLIIHUHQW EDVLF SDWK ORVV H[SRQHQW α DQG FDUULHU IUHTXHQFLHV
I c 7KH ILJXUH TXDQWLI\ WKH IDFW WKDW GHFUHDVLQJ FHOO VL]H LQFUHDVHV WKH $6( 7KH FXUYHV
VKRZ WKDW WKH $6( LQFUHDVHV DV WKH EDVLF SDWK ORVV H[SRQHQW α EHFRPHV ODUJHU ZKLFK LV LQ
DJUHHPHQW ZLWK H[LVWLQJ ZRUN >@
7KH FXUYHV LQ )LJXUH  VKRZ WKDW IRU EDVLF SDWK ORVV H[SRQHQW α   DW I c  
 DQG  *+] WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV KDYH QR HIIHFW RQ WKH $6(
7KHUHIRUH IRU ERWK WKH FRQYHQWLRQDO DQG SURSRVHG LQWHUIHUHQFH PRGHO WKH FXUYHV RYHUOD\
HDFK RWKHU )RU I c   *+] DQG 5   DQG  P WKHUH ZDV D GHFUHDVH RI  DQG
 LQ $6( EHWZHHQ WKH FRQYHQWLRQDO DQG SURSRVHG PRGHO )RU  P ≤ 5 ≤  P
WKH GHFUHDVH LQ $6(≤  :KHQ I c   *+] IRU  P≤ 5≤  P WKH GHFUHDVH
LQ $6( ZDV EHWZHHQ    )RU  P ≤ 5 ≤  P WKH GHFUHDVH LQ $6( EHWZHHQ
WKH WZR PRGHOV LV EHWZHHQ   
)LJXUH    VKRZV WKH FXUYHV IRU EDVLF SDWK ORVV H[SRQHQW α    DQG
 DW GLIIHUHQW FDUULHU IUHTXHQFLHV 7KH FXUYHV VKRZ WKDW IRU I c    DQG  *+] WKHUH
ZHUH QR GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV QHWZRUN )RU α  
DW I c   *+] ZKHQ FHOO VL]H UDGLXV 5 LV EHWZHHQ    P WKH GHFUHDVH LQ $6( LV
EHWZHHQ    )RU 5 >  P WKHUH ZDV QR GHFUHDVH LQ $6( EHWZHHQ WKH WZR
PRGHOV $W I c   *+] WKH GHFUHDVH ZDV  DW  P  DW  P DQG 
DW  P DQG OHVV IRU 5>  P 7KH FXUYHV VKRZ WKDW IRU α   DQG  DW  DQG 
*+] WKH GHFUHDVH ZDV EHWZHHQ    IRU  ≤ 5 ≤
)LJXUHV   DQG  VKRZ WKDW DV α LQFUHDVHV WKH GHFUHDVH LQ LQIRUPDWLRQ
FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHO UHGXFHV EHFDXVH IRU ODUJHU EDVLF SDWK ORVV
H[SRQHQW α LQWHUIHUHQFH IURP06V EHIRUH DQG DIWHU WKH EUHDNSRLQW GLVWDQFH EHFRPH OHVV
HYHQ DW KLJKHU FDUULHU IUHTXHQFLHV 7KLV LV EDVHG RQ WKH IDFW WKDW IURP WKH SDWK ORVV PRGHO
WKH UHFHLYHG VLJQDO SRZHU LV LQYHUVHO\ SURSRUWLRQDO WR GLVWDQFHα :H WKHUHIRUH FRQFOXGH

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $UHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU SDWK ORVV H[SRQHQW α  
DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG V\VWHP ZLWK ILUVW DQG VHFRQG WLHU FR
FKDQQHO LQWHUIHULQJ FHOOV 1FI   DQG 1SI   H[WUD SDWK ORVV H[SRQHQW ρ   06 DQG
%6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO 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 >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU SDWK ORVV
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I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO 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)LJXUH 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7DEOH  3HUFHQWDJH 'HFUHDVH LQ $UHD 6SHFWUDO (IILFLHQF\ EHWZHHQ VLQJOH DQG WZR WLHU
,QWHUIHUHQFH 0RGHO IRU 'LIIHUHQW %DVLF 3DWK ORVV ([SRQHQW DQG &HOO 6L]H 5DGLXV 5  
P
WKDW IRU D 7'0$EDVHG FHOOXODU V\VWHP RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DV FHOO VL]H
UDGLXV UHGXFHV DQG EDVLF SDWK ORVV EHFRPHV VPDOOHU VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
EHFRPH DFWLYH 7DEOH  DQG  VKRZV VXPPDU\ RI WKH UHVXOW IRU 5   DQG  P

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7DEOH  3HUFHQWDJH 'HFUHDVH LQ $UHD 6SHFWUDO (IILFLHQF\ EHWZHHQ VLQJOH DQG WZR WLHU
,QWHUIHUHQFH 0RGHO IRU 'LIIHUHQW %DVLF 3DWK ORVV ([SRQHQW DQG &HOO 6L]H 5DGLXV 5  
P
 (IIHFW RI ([WUD 3DWK /RVV ([SRQHQW7ZR 7LHU ,QWHUIHUHQFH
7KLV VHFWLRQ SUHVHQWV UHVXOWV RQ WKH LPSDFW RI H[WUD SDWK ORVV H[SRQHQW RQ WKH LQIRUPDWLRQ
FDSDFLW\ RI FHOOXODU ZLUHOHVV QHWZRUN )LJXUHV    LOOXVWUDWH WKH HIIHFW RI H[WUD
SDWK ORVV H[SRQHQW ρ RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV V\VWHP
RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLL ZKHQ ERWK ILUVW DQG
VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV DUH DFWLYH 7KH FXUYHV VKRZ WKDW DV I c LQFUHDVHV

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
IURP  WR *+] DQG FHOO VL]H UDGLXV GHFUHDVHV IURP   P WKH$6( LQFUHDVHV
H[SRQHQWLDOO\ WKH ILJXUH FRQILUPV WKDW $6( LV DQ LQFUHDVLQJ IXQFWLRQ RI ERWK ρ DQG 5
)LJXUH  VKRZV WKDW IRU H[WUD SDWK ORVV H[SRQHQW ρ   DQG FDUULHU IUHTXHQFLHV
I c    DQG  *+] WKHUH LV D GHFUHDVH LQ $6( EHWZHHQ   IURP 5 <
 P +RZHYHU IRU I c   DQG  *+] ZKHQ 5 ≤  P WKH GHFUHDVH LQ $6(
EHWZHHQ RXU SURSRVHG PRGHO DQG WKH FRQYHQWLRQDO PRGHO ZDV EHWZHHQ   
$Q LQWHUHVWLQJ REVHUYDWLRQ LV WKDW IRU 5   P WKH $6( IRU RXU SURSRVHG LQWHUIHUHQFH
PRGHO IRU I c   *+] LV WKH VDPH DV WKH $6( IRU WKH FRQYHQWLRQDO LQWHUIHUHQFH PRGHO DW
 *+] 7KLV FRQILUPV WKH LPSRUWDQFH RI WKH FRQVLGHUDWLRQ RI VHFRQG WLHU FRFKDQQHO
LQWHUIHUHQFH LQ FHOOXODU V\VWHP LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV DW KLJKHU FDUULHU
IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLL )LJXUH  VKRZV WKDW IRU ρ   DQG I c   
DQG  *+] WKH FXUYHV RI WKH $6( IRU WKH WZR LQWHUIHUHQFH PRGHOV RYHUOD\ HDFK RWKHU
+RZHYHU IRU I c   DQG  *+] ZKHQ 5 ≤  P WKH GHFUHDVH LQ $6( EHWZHHQ
WKH SURSRVHG PRGHO DQG FRQYHQWLRQDO ZHUH EHWZHHQ    DQG   
)LJXUH  VKRZV WKH FXUYHV ZKHQ ρ   7KH ILJXUH LOOXVWUDWHV WKDW IRU FDUULHU
IUHTXHQFLHV I c    DQG  *+] WKH FXUYHV IRU WKH WZR LQWHUIHUHQFH PRGHOV RYHUOD\
)RU I c   *+] WKH FXUYHV RYHUOD\ IURP 5≥  +RZHYHU WKH FXUYHV VKRZ D GHFUHDVH
LQ $6( RI EHWZHHQ    IRU  ≤ 5 ≤  P ,Q WKH FDVH RI  *+]
WKH FXUYHV RYHUOD\ IURP    P )RU FHOO VL]H UDGLXV 5 EHWZHHQ    P WKH
GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV LV EHWZHHQ    7KH FXUYHV
LQ )LJXUH  LOOXVWUDWH WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH IRU WKH WZR LQWHUIHUHQFH
PRGHOV IRU H[WUD SDWK ORVV H[SRQHQW ρ   7KH ILJXUH VKRZV WKDW IRU FDUULHU IUHTXHQFLHV
I c    DQG  WKH FXUYHV RYHUOD\ )RU  *+] WKH FXUYHV RYHUOD\ EHWZHHQ 5  
   DQG GHFUHDVH LQ $6( LV EHWZHHQ    IRU 5 ≤  P 7KH JUDSK
LOOXVWUDWHV WKDW IRU D FDUULHU IUHTXHQF\ I c   *+] WKH FXUYHV IRU WKH FRQYHQWLRQDO DQG
SURSRVHG LQWHUIHUHQFH PRGHO RYHUOD\ HDFK RWKHU IURP FHOO VL]H UDGLXV 5   P GRZQ WR
5   P )RU ≤ 5≤  P WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR PRGHOV LV EHWZHHQ
   )LJXUH  DQG  UHYHDOV WKDW DV ρ LQFUHDVHV WKH VHFRQG WLHU FRFKDQQHO
LQWHUIHUHQFH EHFRPHV OHVV VHYHUH 7KLV FRQWULEXWHV WR GHFUHDVH LQ $6( EHWZHHQ WKH WZR
PRGHOV EHFRPLQJ PLQLPDO 7DEOH  DQG  SUHVHQW D VXPPDU\ WKH UHVXOW IRU 5  
DQG  P

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU H[WUD SDWK
ORVV H[SRQHQW ρ   DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG V\VWHP ZLWK ILUVW
DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α
  06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU H[WUD SDWK
ORVV H[SRQHQW ρ   DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG V\VWHP ZLWK ILUVW
DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α
  06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU H[WUD SDWK
ORVV H[SRQHQW ρ   DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG V\VWHP ZLWK ILUVW
DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α
  06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU H[WUD SDWK
ORVV H[SRQHQW ρ   DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG V\VWHP ZLWK ILUVW
DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α
  06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

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7DEOH  3HUFHQWDJH 'HFUHDVH LQ $UHD 6SHFWUDO (IILFLHQF\ EHWZHHQ VLQJOH DQG WZR WLHU
,QWHUIHUHQFH 0RGHO IRU 'LIIHUHQW ([WUD 3DWK ORVV ([SRQHQW DQG &HOO 6L]H 5DGLXV 5  
P
 (IIHFW RI %DVH 6WDWLRQ $QWHQQD +HLJKW7ZR 7LHU ,QWHUIHUHQFH
$ FRPSDULVRQ RI )LJXUHV   DQG  VKRZV WKH HIIHFW RI %6 DQWHQQD KHLJKW Kb RQ
WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DW GLIIHUHQW FDUULHU IUHTXHQFLHV IRU WKH FRQYHQWLRQDO
DQG SURSRVHG LQWHUIHUHQFH PRGHO 7KH SORW VKRZV WKDW ZKHQ %6 DQWHQQD KHLJKW Kb  
P EDVLF SDWK ORVV H[SRQHQW α   DQG H[WUD SDWK ORVV H[SRQHQW ρ   IRU I c    DQG
 *+] WKH GHFUHDVH LQ $6( LV EHWZHHQ    IRU 5 ≤  P )RU

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU %6 VWDWLRQ
DQWHQQD KHLJKW Kb   P DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU
V\VWHP ZLWK FRFKDQQHO LQWHUIHULQJ FHOOV LQ ILUVW DQG VHFRQG WLHU 1FI   DQG 1SI  
SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ    06 DQWHQQD KHLJKWV  Km  
P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU %6 VWDWLRQ
DQWHQQD KHLJKW Kb   P DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU
V\VWHP ZLWK FRFKDQQHO LQWHUIHULQJ FHOOV LQ ILUVW DQG VHFRQG WLHU 1FI   DQG 1SI  
SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ    06 DQWHQQD KHLJKWV  Km  
P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
I c   DQG  *+] WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV LQ
FUHDVHV DV WKH FHOO VL]H UDGLXV 5 GHFUHDVHV )LJXUH  DQG  VKRZV WKDW DV WKH %6
DQWHQQD KHLJKW DQG FDUULHU IUHTXHQF\ LQFUHDVHV WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQ
WHUIHUHQFH PRGHOV DOVR LQFUHDVHV 7KLV LV EHFDXVH DV Kb LQFUHDVHV WKH EUHDNSRLQW GLVWDQFH J
LQFUHDVHV FDXVLQJ WKH VHFRQG WLHU LQWHUIHULQJ FHOO WR EH LQ WKH UHJLRQ EHIRUH J 7KLV PDNHV
WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV WR EHFRPH PRUH VHYHUH
 (IIHFW RI 9HKLFXODU 7UDIILF7ZR 7LHU ,QWHUIHUHQFH
)LJXUH    LOOXVWUDWHV WKH HIIHFW RI WKH HIIHFWLYH URDG KHLJKW K RQ $6( DW FDUULHU
IUHTXHQFLHV JUHDWHU WKDQ  *+] ZKHQ ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV DUH
DFWLYH 7KH ILJXUHV VKRZ WKDW SUHYLRXV UHVXOWV VWLOO KROG 7KH ILJXUHV VKRZ WKDW WKH GHFUHDVH
LQ $6( EHWZHHQ WKH FRQYHQWLRQDO DQG SURSRVHG LQWHUIHUHQFH PRGHO LQFUHDVHV DV WKH FDUULHU
IUHTXHQF\ LQFUHDVHV DQG FHOO VL]H UDGLXV UHGXFHV 7KH ILJXUHV LOOXVWUDWH WKDW WKH GHFUHDVH
LQ $6( LV OHVVHU IRU KHDY\ YHKLFXODU WUDIILF DV FRPSDUHG WR OLJKW YHKLFXODU WUDIILF )RU WKH
FDVH RI OLJKW YHKLFXODU WUDIILF DW 5   P IRU I c    DQG  *+] WKH GHFUHDVH
LQ $6( LV   DQG  ZKLOVW IRU KHDY\ YHKLFXODU WUDIILF LW LV   DQG
 :H WKHUHIRUH FRQFOXGH WKDW DW PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+]
DQG VPDOOHU FHOO VL]H UDGLXV WKH HIIHFW RI VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH LV PLQLPDO
GXULQJ KHDY\ YHKLFXODU WUDIILF GD\ WLPH UHODWLYH WR OLJKW YHKLFXODU WUDIILF QLJKW WLPH
7KLV LV EHFDXVH WKH EUHDNSRLQW GLVWDQFH GXULQJ GD\ WLPH LV VKRUWHU DV FRPSDUHG WR QLJKW
WLPH ZKLFK LV GXH WR WKH LQFUHPHQW RI WKH HIIHFWLYH URDG KHLJKW >UHIHU WR HTXDWLRQ @
7KH ILJXUHV DOVR VKRZ WKDW LQFUHDVLQJ WKH EDVH VWDWLRQ DQWHQQD KHLJKW Kb OHDGV WR VHFRQG
WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPLQJ PRUH VHYHUH 7KH ILJXUH DOVR UHYHDOV WKDW HYHQ LI
Kb LV LQFUHDVHG WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHO LV VWLOO OHVV IRU
GD\ WLPH DV FRPSDUHG WR WKH QLJKW WLPH

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU OLJKW YHKLF
XODU WUDIILF ZLWK HIIHFWLYH URDG KHLJKW DQG %6 DQWHQQD KHLJKW K   P DQG Kb   P IRU
GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU V\VWHP ZLWK FRFKDQQHO LQWHUIHULQJ
FHOOV LQ ILUVW DQG VHFRQG WLHU 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α   DQG H[WUD
SDWK ORVV H[SRQHQW ρ    06 DQWHQQD KHLJKW Km   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]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1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU KHDY\
YHKLFXODU WUDIILF ZLWK HIIHFWLYH URDG KHLJKW DQG %6 DQWHQQD KHLJKW K   P DQG Kb  
 P IRU GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU V\VWHP ZLWK FRFKDQQHO
LQWHUIHULQJ FHOOV LQ ILUVW DQG VHFRQG WLHU 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α  
DQG H[WUD SDWK ORVV H[SRQHQW ρ    06 DQWHQQD KHLJKW Km   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU OLJKW YHKLF
XODU WUDIILF ZLWK HIIHFWLYH URDG KHLJKW DQG %6 DQWHQQD KHLJKW K   P DQG Kb   P IRU
GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU V\VWHP ZLWK FRFKDQQHO LQWHUIHULQJ
FHOOV LQ ILUVW DQG VHFRQG WLHU 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α   DQG H[WUD
SDWK ORVV H[SRQHQW ρ    06 DQWHQQD KHLJKW Km   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

1XPHULFDO 5HVXOWV,QIRUPDWLRQ &DSDFLW\ &RPSDULVRQ
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO VL]H UDGLXV IRU KHDY\
YHKLFXODU WUDIILF ZLWK HIIHFWLYH URDG KHLJKW DQG %6 DQWHQQD KHLJKW K   P DQG Kb  
 P IRU GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU V\VWHP ZLWK FRFKDQQHO
LQWHUIHULQJ FHOOV LQ ILUVW DQG VHFRQG WLHU 1FI   DQG 1SI   SDWK ORVV H[SRQHQW α  
DQG H[WUD SDWK ORVV H[SRQHQW ρ    06 DQWHQQD KHLJKW Km   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 7ZR WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

6XPPDU\
 6XPPDU\
%XLOGLQJ XSRQ WKH ZRUN SUHVHQWHG LQ FKDSWHU  LQ WKLV FKDSWHU XVLQJ WKH SURSRVHG FR
FKDQQHO LQWHUIHUHQFH PRGHO ZH PDWKHPDWLFDOO\ FKDUDFWHUL]HG WKH DUHD VSHFWUDO HIILFLHQF\
$6( DV D IXQFWLRQ RI QRUPDOL]HG UHXVH GLVWDQFH DQG FHOO VL]H UDGLXV IRU LQIRUPDWLRQ FD
SDFLW\ SHUIRUPDQFH DQDO\VLV &RPSDULQJ WKH $6( ZKLFK LQFRUSRUDWHV RXU SURSRVHG FR
FKDQQHO LQWHUIHUHQFH PRGHO ZLWK DQ H[LVWLQJ $6( RI FHOOXODU PRELOH UDGLR V\VWHPV >@
VLPXODWLRQ UHVXOWV VKRZ WKDW DV FDUULHU IUHTXHQF\ LQFUHDVHV DQG FHOO VL]H UDGLXV GHFUHDVHV
WKH $6( RI D FHOOXODU ZLUHOHVV GHFUHDVH 7KH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV
UHVXOWV DOVR VXJJHVWHG WKDW DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H
UDGLL VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV EHFRPH DFWLYH %HFDXVH FRFKDQQHO LQWHU
IHUHQFH LV WKH PDMRU OLPLWLQJ IDFWRU WKDW DIIHFW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI
FHOOXODU ZLUHOHVV V\VWHPV >@ 7KH UHVXOWV RI RXU VWXG\ VKRZ WKH QHHG WR LQFRUSRUDWH WKH
VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH LQIRUPDWLRQ FDSDFLW\ DQDO\VLV RI HPHUJLQJ
DQG IXWXUH ZLUHOHVV V\VWHPV
:H DOVR VWXGLHG WKH LPSDFW RI SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV RQ WKH LQ
IRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP 7KH VWXG\
ZDV IRU FHOOXODU V\VWHP RSHUDWLQJ DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ 
*+] DQG VPDOOHU FHOO VL]H UDGLL ZKHQ ERWK WKH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ
FHOOV DUH DFWLYH ,W ZDV VKRZQ WKDW DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV
WKH LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV V\VWHP ZDV DIIHFWHG E\ SURSDJDWLRQ ORVV
DQG V\VWHP SDUDPHWHUV 1RZ WKH FDVH RI LQFOXGLQJ RWKHU WLHUV PXOWLSOH WLHUV DSDUW IURP
WKH ILUVW DQG VHFRQG WLHUV DQG VWXG\LQJ L WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH LL WKH
HIIHFW RI V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ ZLOO EH DQ
LPSRUWDQW H[WHQVLRQ RI WKLV FKDSWHU ,Q WKH QH[W FKDSWHU D PXOWLSOH WLHU FRFKDQQHO LQWHU
IHUHQFH PRGHO LV SURSRVHG DQG ZH VWXG\ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU V\VWHP
ZKHQ PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV DUH DFWLYH 7KH LPSDFW RI SURSDJDWLRQ
ORVV DQG V\VWHP SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV
ZKHQ PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV DUH DFWLYH LV DOVR VWXGLHG

&KDSWHU 
3URSRVHG 0XOWLSOH 7LHU &RFKDQQHO
,QWHUIHUHQFH 0RGHO DQG ,QIRUPDWLRQ
&DSDFLW\ 3HUIRUPDQFH $QDO\VLV IRU
0XOWLSOH 7LHU &RFKDQQHO ,QWHUIHUHQFH

,QWURGXFWLRQ
 ,QWURGXFWLRQ
,Q WKH SUHYLRXV FKDSWHU D WZR WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO ZDV SURSRVHG IRU HPHUJ
LQJ DQG IXWXUH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV ,W ZDV VKRZQ WKDW IRU HPHUJLQJ
DQG IXWXUH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH
EHFRPH DFWLYH DV FHOO VL]H UDGLXV GHFUHDVHV DQG FDUULHU IUHTXHQF\ LQFUHDVHV $ VWXG\ RI WKH
LPSDFW RI V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV RQ LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH
RI FHOOXODU V\VWHP PRGHO ZDV DOVR SHUIRUPHG
,Q WKLV FKDSWHU ZH SURSRVH D FRFKDQQHO LQWHUIHUHQFH PRGHO ZKLFK LQFOXGHV PXO
WLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV 0DWKHPDWLFDO DQDO\VLV VXSSRUWHG E\ FRPSXWHU
VLPXODWLRQ LV XVHG WR VKRZ WKDW DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO
VL]H UDGLL PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOO EHFRPHV DFWLYH 2XU DQDO\VLV LV
EDVHG RQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FHOOXODU ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP RSHUDWLQJ DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG
VPDOO FHOO VL]H UDGLXV    P :H WKHQ VWXG\ WKH LPSDFW RI ERWK SURSDJDWLRQ ORVV
DQG V\VWHP SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI WKH FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP ZKHQ PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH DUH DFWLYH 5HVXOWV
VKRZ WKDW WKH V\VWHP LQIRUPDWLRQ FDSDFLW\ LV VWLOO VHQVLWLYH WR SURSDJDWLRQ ORVV DQG V\VWHP
SDUDPHWHUV DV WKH FHOO VL]H UDGLXV GHFUHDVHV DQG FDUULHU IUHTXHQF\ LQFUHDVHV
7KH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ QHW
ZRUNV LV DQ LPSRUWDQW LVVXH IRU HIILFLHQW PDQDJHPHQW RI WKH OLPLWHG UDGLR VSHFWUXP 7KH
JUHDWHVW LPSURYHPHQW RI WKH FHOOXODU QHWZRUN LQIRUPDWLRQ FDSDFLW\ KDV FRPH IURP FHOO
VL]H UHGXFWLRQ E\ LQVWDOOLQJ PRUH EDVH VWDWLRQV > @ )RU WKH VXFFHVVIXO LPSOHPHQ
WDWLRQ RI D KLJKVSHHG GDWD VHUYLFH LW LV LPSHUDWLYH WKDW ZH XVH GHVLJQ DQG SODQQLQJ WRROV
ZKLFK FDQ DFFXUDWHO\ SUHGLFW WKH LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU ZLUHOHVV QHWZRUNV 7KLV
GHSHQGV RQ D IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH VLJQDO SURSDJDWLRQ PHFKDQLVP UHVXOWLQJ
FKDQQHO FKDUDFWHULVWLFV LQWHUIHUHQFH OHYHO DQG WKH HIIHFW RI V\VWHP SDUDPHWHUV 8QOLNH
FRQYHQWLRQDO ZLUHOHVV QHWZRUNV HPHUJLQJ DQG IXWXUH ZLUHOHVV QHWZRUNV ZLOO EH RSHUDWLQJ
DW PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] WR HQDEOH ZLUHOHVV FRPPXQLFDWLRQ
V\VWHPV SURYLGH KLJKVSHHG GDWD VHUYLFH >@ 0XOWLDQWHQQD FDQ DOVR LPSURYH WKH V\V
WHP FDSDFLW\ RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP SURSRUWLRQDOO\ ZLWK WKH PLQLPXP

,QWURGXFWLRQ
QXPEHU RI DQWHQQDV DW WKH WUDQVPLWWHU DQG UHFHLYHU LQ D VLQJOH FHOO ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP >@ +RZHYHU LQ PXOWLSOH FHOO ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV WKH V\VWHP
LQIRUPDWLRQ FDSDFLW\ LV GHJUDGHG E\ FRFKDQQHO LQWHUIHUHQFH HYHQ ZLWK PXOWLSOH DQWHQ
QDV DW WKH WUDQVPLWWHUV DQG UHFHLYHUV > @ 7KHUHIRUH FRFKDQQHO LQWHUIHUHQFH &&,
PRGHOOLQJ DQG LQIRUPDWLRQ FDSDFLW\ DQDO\VLV DUH RI JUHDW LPSRUWDQFH LQ WKH QH[W JHQHUD
WLRQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQV V\VWHPV +RZHYHU PRVW UHVHDUFK ZRUN VWLOO XVHV
SUHYLRXV FRFKDQQHO LQWHUIHUHQFH PRGHOV IRU LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV
IRU QH[W JHQHUDWLRQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV ZKLFK ZLOO EH RSHUDWLQJ DW
KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLL
,Q >@ $KPHG HW DO VWXGLHG WKH FDSDFLW\ DQG LQWHUIHUHQFH VWDWLVWLFV RI KLJKZD\V
:&'0$PLFURFHOOXODU ZLUHOHVV V\VWHP RSHUDWLQJ LQ WKH 8+) EDQG ZLWKRXW FRQVLGHULQJ
PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH $KPHG HW DO LQ WKHLU ZRUN LQWURGXFHG D PRGHO
IRU FLJDUVKDSHG FHOOV LQ UXUDO ]RQHV 7KH\ XVHG WKH WZRVORSH SDWK ORVV PRGHO ZLWK D
JHQHUDO SURSDJDWLRQ H[SRQHQW WR LQYHVWLJDWH WKH LQWHUIHUHQFH VWDWLVWLFV RI WKH XSOLQN DQG
WKH VHFWRU FDSDFLW\
+HUQiQGH]9DOGH] HW DO >@ VWXGLHG WKH LPSDFW RI ERWK SURSDJDWLRQ DQG V\V
WHP SDUDPHWHUV RQ WKH SHUIRUPDQFH RI PLFURFHOOXODU QHWZRUNV 7KH\ FRQVLGHUHG FHOOXODU
V\VWHPV RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV ZHOO DERYH WKH  *+] EDQG XVHG E\ WKLUG
JHQHUDWLRQ ZLUHOHVV V\VWHPV +RZHYHU RXWDJH SUREDELOLW\ ZDV XVHG IRU WKH VWXG\ DQGPXO
WLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV ZDV QRW FRQVLGHUHG $QDQJ HW DO LQ >@ VWXGLHG
WKH VHQVLWLYLW\ RI FHOOXODU V\VWHP LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH WR %6 DQWHQQD KHLJKW
7KH VWXG\ ZDV IRU ODQG PRELOH FHOOXODU V\VWHPV RSHUDWLQJ DW PLFURZDYH IUHTXHQFLHV EH
\RQG  *+] 7KH HYDOXDWLRQ ZDV GRQH LQ WHUPV RI WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU
ZLUHOHVV QHWZRUN ZKHQ ERWK WKH ILUVW  DQG VHFRQG  FRFKDQQHO LQWHUIHULQJ FHOOV ZHUH
DFWLYH ZLWKRXW FRQVLGHULQJ PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV 7KH UHFHQW ZRUN
E\ $QDQJ HW DO >@ KDV WDNHQ DQ LQLWLDO VWHS WR LQFOXGH VHFRQG WLHU FRFKDQQHO LQWHUIHU
HQFH LQ WKH VWXG\ RI WKH LPSDFW RI SURSDJDWLRQ ORVV SDUDPHWHUV RQ WKH XSOLQN LQIRUPDWLRQ
FDSDFLW\ RI D FHOOXODU ZLUHOHVV QHWZRUN RSHUDWLQJ DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV
DQG VPDOOHU FHOO UDGLL +RZHYHU $QDQJ HW DO GLG QRW FRQVLGHU PXOWLSOH WLHUV RI FRFKDQQHO
LQWHUIHUHQFH
,Q SUHYLRXV VWXGLHV >@ 6LQJK HW DO SURSRVHG D PRGHO IRU XSOLQN LQWHUIHUHQFH ZLWK

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SRZHU FRQWURO DQG FHOO VHOHFWLRQ ,Q WKH PRGHO RQO\ ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHU
IHULQJ FHOOV ZHUH FRQVLGHUHG WR EH DFWLYH *H HW DO LQ >@ DOVR SURSRVHG D FRFKDQQHO
LQWHUIHUHQFH PRGHO IRU PXOWLFHOO ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV +RZHYHU WKH PRGHO
DQG FDSDFLW\ DQDO\VLV ZHUH IRU PXOWLSOHLQSXW PXOWLSOHRXWSXW 0,02 FHOOXODU ZLUHOHVV
V\VWHPV ;LDRKX HW DO LQ >@ UHSRUWHG WKDW FRFKDQQHO LQWHUIHUHQFH PRGHOOLQJ DQG FDSDF
LW\ DQDO\VLV LV RI JUHDW LPSRUWDQFH LQ WKH QH[W JHQHUDWLRQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ
V\VWHPV EHFDXVH RI WKH KLJKHU FDUULHU IUHTXHQFLHV
$OWKRXJK QXPHURXV FRFKDQQHO LQWHUIHUHQFH PRGHOV KDYH EHHQ SURSRVHG PRVW DUH
EDVHG RQ WKH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV DQG DUH PRGHOV IRU ORZHU
FDUULHU IUHTXHQFLHV /LNHZLVH H[WHQVLYH UHVHDUFK ZRUN KDV EHHQ FDUULHG RXW RQ WKH HIIHFW
RI SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP IRU GHVLJQ DQG SODQQLQJ SXUSRVHV +RZHYHU PRVW RI WKLV ZRUN
GLG QRW FRQVLGHU PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH ,Q WKLV FKDSWHU WKH IROORZLQJ
FRQWULEXWLRQ LV PDGH
 :H SURSRVH D FRFKDQQHO LQWHUIHUHQFH PRGHO ZKLFK LQFOXGHV PXOWLSOH WLHU RI FR
FKDQQHO LQWHUIHULQJ FHOOV ,W LV VKRZQ WKDW DV FDUULHU IUHTXHQF\ LQFUHDVHV DQG FHOO
VL]H UDGLXV UHGXFHV PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOO EHFRPH DFWLYH
 :H SURYLGH DQ DQDO\VLV RQ WKH LPSDFW RI V\VWHP SDUDPHWHUV VXFK DV FHOO VL]H DQ
WHQQD KHLJKW RSHUDWLQJ IUHTXHQF\ DQG UHXVH IDFWRU RQ WKH LQIRUPDWLRQ FDSDFLW\
SHUIRUPDQFH RI HPHUJLQJ FHOOXODU ZLUHOHVV V\VWHPV ZKHQPXOWLSOH WLHU RI FRFKDQQHO
LQWHUIHULQJ FHOOV DUH DFWLYH
 :H VWXG\ WKH LPSDFW RI SURSDJDWLRQ ORVV SDUDPHWHUV VXFK DV EUHDNSRLQW HIIHFWLYH
URDG KHLJKW DQG SDWK ORVV H[SRQHQW RQ WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI
HPHUJLQJ FHOOXODU ZLUHOHVV QHWZRUNV RSHUDWLQJ DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ 
*+] ZKHQ PXOWLSOH WLHU LQWHUIHUHUV DUH DFWLYH
7KH UHPDLQGHU RI WKLV FKDSWHU LV RUJDQL]HG DV IROORZV &KDSWHU  SURYLGHV JHQHUDO V\V
WHP DQG FKDQQHO PRGHOV IRU FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV ,W VKRZV WKH UH
ODWLRQVKLS EHWZHHQ FHOO VL]H UDGLXV IUHTXHQF\ EUHDNSRLQW DQG WKH QXPEHU RI DFWLYH FR
FKDQQHO LQWHUIHULQJ FHOOV &KDSWHU  SUHVHQWV RXU SURSRVHG PXOWLSOH WLHU FRFKDQQHO LQ
WHUIHUHQFH PRGHO DQG RXWOLQHV WKH EDVLF DVVXPSWLRQV XVHG LQ WKH PRGHOOLQJ &KDSWHU 

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
SURYLGHV H[SUHVVLRQ IRU WKH DUHD VSHFWUDO HIILFLHQF\ $6( IRU D WLPH GLYLVLRQ PXOWLSOH
DFFHVV 7'0$ FHOOXODU V\VWHP ,Q &KDSWHU  WKH LPSDFW RI V\VWHPSURSDJDWLRQ SDUDP
HWHUV RQ WKH LQIRUPDWLRQ FDSDFLW\ LQ WKH SUHVHQFH RI PXOWLSOH WLHU LQWHUIHUHQFH LV VWXGLHG
7KH QXPHULFDO VLPXODWLRQ VHWXS IRU SURSDJDWLRQV\VWHP SDUDPHWHU LPSDFW DQDO\VLV LV SUH
VHQWHG LQ &KDSWHU  &KDSWHU  FRPSDUHV WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D
FHOOXODU ZLUHOHVV V\VWHPZKLFK LQFRUSRUDWHV WKH H[LVWLQJ FRQYHQWLRQDO LQWHUIHUHQFHPRGHO
WR D FHOOXODU ZLUHOHVV V\VWHP ZKLFK LQFRUSRUDWHV WKH SURSRVHG PXOWLSOH WLHU LQWHUIHUHQFH
PRGHO &RPSXWHU VLPXODWLRQ LV XVHG IRU WKH FRPSDULVRQ )LQDOO\ D VXPPDU\ LV SUHVHQWHG
LQ &KDSWHU  7KH ZRUN LQ WKLV FKDSWHU KDV EHHQ SXEOLVKHG LQ >  @
 0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
$V VWDWHG LQ WKH SUHYLRXV FKDSWHUV ZLUHOHVV FKDQQHOV DUH FKDUDFWHUL]HG E\ WKH IROORZLQJ
SK\VLFDO SKHQRPHQD  PHDQ SDWK ORVV  VKDGRZLQJ VORZ IDGLQJ DQG  VPDOO VFDOH
IDGLQJ IDVW IDGLQJ +RZHYHU DV VWDWHG HDUOLHU µVQDSVKRW¶ PHDVXUHPHQW UHVXOWV DUH VWLOO
YDOLG IRU LQIRUPDWLRQ FDSDFLW\ DQDO\VLV :H FRQVLGHU WKH GLVWDQFH GHSHQGHQW SDWK ORVV
ZLUHOHVV FKDQQHO DV GHVFULEHG LQ &KDSWHU  IRU RXU SURSRVHG PXOWLSOH WLHU LQWHUIHUHQFH
PRGHO ,Q WKH TXHVW WR IDFLOLWDWH UHDGLQJ RI WKLV WKHVLV ZH FRS\ WKH PDWKHPDWLFDO GHVFULS
WLRQ RI WKH SURSDJDWLRQ FKDQQHO IURP &KDSWHU  /HW . EH WKH FRQVWDQW SDWK ORVV IDFWRU
DQG OHW U EH WKH GLVWDQFH EHWZHHQ %6 DQG 06 7KH EDVLF SDWK ORVV H[SRQHQW LV UHSUHVHQWHG
E\ α DQG WKH H[WUD SDWK ORVV H[SRQHQW LV UHSUHVHQWHG E\ ρ 1RWLFH WKDW SRZHU WUDQVPLWWHG
IURP D WUDQVPLWWLQJ DQWHQQD LV IRU QRZ RQO\ DIIHFWHG E\ SDWK ORVV DQG LW LV UHSUHVHQWHG E\
3t ,W PXVW EH QRWHG WKDW WKH FKDQQHO PRGHO SUHVHQWHG LQ WKLV ZRUN KDV EHHQ H[SHULPHQWDOO\
YDOLGDWHG IRU D VPDOOHU FHOO VL]H UDGLXV HQYLURQPHQW DQG IRU ERWK 8+) DQG VXSHU KLJK IUH
TXHQF\ 6+) EDQG >  @ 7KH UHFHLYHG VLJQDO 3r LV PDWKHPDWLFDOO\ UHSUHVHQWHG
DV
Pr =
K
rα(1 + r/g)ρ
Pt, 
7KH J UHSUHVHQWV WKH EUHDN SRLQW GLVWDQFH DQG LV JLYHQ DV KbKmλc $V GHVFULEHG HDUOLHU LQ
&KDSWHU  EHFDXVH . DQG 3t FDQFHO RXW IRU VLPSOLFLW\ ZH DVVXPH .   3t   ZLWKRXW

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
ORVV RI JHQHUDOLW\ DQG GHILQH WKH UHFHLYHG VLJQDO SRZHU DV
Pr = r
−α(1 + r/g)−ρ. 
,Q WKH IROORZLQJ VHFWLRQ ZH GHVFULEH WKH UHODWLRQVKLS EHWZHHQ FDUULHU IUHTXHQF\ EUHDN
SRLQW GLVWDQFH DQG WKH QXPEHU RI WLHUV RI FRFKDQQHO LQWHUIHUHUV
 5HODWLRQVKLS EHWZHHQ %UHDNSRLQW 'LVWDQFH &DUULHU )UHTXHQF\
DQG 1XPEHU RI &RFKDQQHO 7LHUV
$Q H[SODQDWLRQ LV JLYHQ LQ WKLV VHFWLRQ RI L WKH UHODWLRQVKLS EHWZHHQ EUHDNSRLQW GLVWDQFH
DQG FDUULHU IUHTXHQF\ DQG LL WKH UHDVRQ ZK\ DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV
PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV PD\ EHFRPH DFWLYH 7R IDFLOLWDWH WKH XQ
GHUVWDQGLQJ RI WKH UHODWLRQVKLS EHWZHHQ EUHDNSRLQW GLVWDQFH J FDUULHU IUHTXHQF\ I c DQG
QXPEHU RI FRFKDQQHO LQWHUIHULQJ WLHU 1n ILUVW UHIHU WR WKH PDWKHPDWLFDO GHVFULSWLRQ RI WKH
EUHDNSRLQW GLVWDQFH J HTXDWLRQ  LQ VXEVHFWLRQ 
7R PDNH WKH UHODWLRQVKLS XQGHUVWDQGDEOH DQG WR H[SUHVV SK\VLFDO PHDQLQJ ZH SORW
D JUDSK RI GLVWDQFH GHSHQGHQW DYHUDJHG UHFHLYHG VLJQDO SRZHU 3r HTXDWLRQ  DJDLQVW
GLVWDQFH IRU FDUULHU IUHTXHQFLHV I cV¶     DQG  )LJXUHV    VKRZV WKH
LQGLYLGXDO EUHDNSRLQWV GLVWDQFH J1 J2 J3 DQG J4 IRU WKH WZR VORSH SDWK ORVV PRGHO ZKHQ
FDUULHU IUHTXHQFLHV I cV¶     DQG  *+] )LJXUH  VKRZV WKH FRPELQHG
EUHDNSRLQW GLVWDQFHV J1 J2 J3 DQG J4 IURP WKHLU UHODWLYH %6 IRU FDUULHU IUHTXHQFLHV I cV¶
    DQG  *+] %6 DQG 06 DQWHQQD KHLJKW Kb   P DQG Km   P WKHVH
YDOXHV ZHUH XVHG LQ SUHYLRXV ZRUN > @ 7KH FXUYHV VKRZ WKDW DV I c LQFUHDVHV J EH
FRPHV ORQJHU $V VWDWHG HDUOLHU EHIRUH WKH EUHDNSRLQW SRZHU IDOOV RII LQ LQYHUVH SURSRUWLRQ
WR WKH VTXDUH SRZHU RI GLVWDQFH EHWZHHQ WUDQVPLWWHU DQG UHFHLYHU $IWHU WKH EUHDNSRLQW WKH
SRZHU IDOOV RII LQ LQYHUVH SURSRUWLRQ WR WKH IRXUWK SRZHU RI GLVWDQFH EHWZHHQ WUDQVPLW
WHU DQG UHFHLYHU $V J EHFRPHV ORQJHU RWKHU WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV PD\ EH
LQ WKH VDPH UHJLRQ DV WKRVH RI WKH ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV DV FRPSDUHG WR
VKRUWHU EUHDNSRLQW GLVWDQFH J 7KLV PD\ FDXVH PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH WR
EHFRPH DFWLYH ZKLFK PD\ OHDG WR DQ LQFUHDVH LQ FRFKDQQHO LQWHUIHUHQFH 7KH SXUSRVH RI
VXEVHTXHQW VHFWLRQV RI WKLV FKDSWHU LV WR XVH PDWKHPDWLFDO DQDO\VLV VXSSRUWHG E\ FRPSXWHU
VLPXODWLRQ

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  7ZRVORSH UHFHLYHG VLJQDO SRZHU 3r YHUVXV GLVWDQFH 6KRZLQJ EUHDNSRLQW
GLVWDQFH J DW FDUULHU IUHTXHQF\ I c   0+] 7UDQVPLWWHG SRZHU 3t   : 06 DQG %6
DQWHQQD JDLQ *r  *t   EDVLF SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ  
06 DQG %6 DQWHQQD KHLJKWV Km   P DQG Kb   P
 )UHH 6SDFH 3DWK /RVV >@
 3RZHU IDOOV RII ∝ GLVWDQFH4
 7ZR 5D\ SDWK ORVV >@

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  7ZRVORSH UHFHLYHG VLJQDO SRZHU 3r YHUVXV GLVWDQFH 6KRZLQJ EUHDNSRLQW
GLVWDQFH J DW FDUULHU IUHTXHQF\ I c   *+] 7UDQVPLWWHG SRZHU 3t   : 06 DQG %6
DQWHQQD JDLQ *r  *t   EDVLF SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ  
06 DQG %6 DQWHQQD KHLJKWV Km   P DQG Kb   P
 )UHH 6SDFH 3DWK /RVV >@
 3RZHU IDOOV RII ∝ GLVWDQFH4
 7ZR 5D\ SDWK ORVV >@

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  7ZRVORSH UHFHLYHG VLJQDO SRZHU 3r YHUVXV GLVWDQFH 6KRZLQJ EUHDNSRLQW
GLVWDQFH J DW FDUULHU IUHTXHQF\ I c   *+] 7UDQVPLWWHG SRZHU 3t   : 06 DQG %6
DQWHQQD JDLQ *r  *t   EDVLF SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ  
06 DQG %6 DQWHQQD KHLJKWV Km   P DQG Kb   P
 )UHH 6SDFH 3DWK /RVV >@
 3RZHU IDOOV RII ∝ GLVWDQFH4
 7ZR 5D\ SDWK ORVV >@

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  7ZRVORSH UHFHLYHG VLJQDO SRZHU 3r YHUVXV GLVWDQFH 6KRZLQJ EUHDNSRLQW
GLVWDQFH J DW FDUULHU IUHTXHQF\ I c   *+] 7UDQVPLWWHG SRZHU 3t   : 06 DQG %6
DQWHQQD JDLQ *r  *t   EDVLF SDWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ  
06 DQG %6 DQWHQQD KHLJKWV Km   P DQG Kb   P
 )UHH 6SDFH 3DWK /RVV >@
 3RZHU IDOOV RII ∝ GLVWDQFH4
 7ZR 5D\ SDWK ORVV >@

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  7ZRVORSH SDWK ORVV PRGHO UHFHLYHG VLJQDO SRZHU 3r YHUVXV GLVWDQFH 5 6KRZ
LQJ EUHDNSRLQW GLVWDQFHV J1 J2 J3 DQG J4 DW FDUULHU IUHTXHQFLHV I c     DQG 
*+] 7UDQVPLWWHG SRZHU 3t  : 06 DQG %6 DQWHQQD JDLQ *r  *t   EDVLF SDWK ORVV
H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ   06 DQG %6 DQWHQQD KHLJKWV Km   P
DQG Kb   P
 7ZR 5D\ SDWK ORVV DW  *+] >@
 )UHH 6SDFH 3DWK /RVV DW  *+] >@
 7ZR 5D\ SDWK ORVV DW  *+] >@
 )UHH 6SDFH 3DWK /RVV 0RGHO DW  *+] >@
 7ZR 5D\ SDWK ORVV DW  *+] >@
 )UHH 6SDFH 3DWK /RVV 0RGHO DW  *+] >@
 7ZR 5D\ SDWK ORVV DW  *+] >@
 )UHH 6SDFH 3DWK /RVV 0RGHO DW  *+] >@
 3RZHU IDOOV RII ∝ GLVWDQFH4

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
WR VKRZ WKDW DV WKH EUHDN SRLQW GLVWDQFH LQFUHDVHV RWKHU WLHUV RI FRFKDQQHO LQWHUIHULQJ
FHOO EHFRPH DFWLYH 7KLV RWKHU WLHUV FRFKDQQHO LQWHUIHULQJ FHOO OHDGV WR D GHFUHDVH LQ WKH
LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV V\VWHP
 5HODWLRQVKLS EHWZHHQ%UHDNSRLQW'LVWDQFH &HOO 6L]H5DGLXV DQG
1XPEHU RI &RFKDQQHO 7LHUV
,Q WKLV VHFWLRQ WKH UHODWLRQVKLS EHWZHHQ EUHDNSRLQW GLVWDQFH FHOO VL]H UDGLXV DQG WKH QXP
EHU RI DFWLYH FRFKDQQHO LQWHUIHULQJ WLHUV LV H[SODLQHG LQWXLWLYHO\ ZKLOVW LW ZLOO EHFRPH
FOHDUHU DV ZH JR WKURXJK VHFWLRQ  XVLQJ PDWKHPDWLFDO DQDO\VLV 7R VKRZ WKLV UHODWLRQ
VKLS ZH SORW D JHRPHWULFDO FLUFXODU FHOO VLWH OD\RXW 7KH SORW VKRZV WKH EUHDNSRLQW GLVWDQFH
J IRU GLIIHUHQW FDUULHU IUHTXHQFLHV I c     DQG  *+] DQG FHOO UDGLXV VL]H 5
  P )LJXUH  VKRZV WKH SORWWHG FLUFXODU FHOO VLWH OD\RXW
)URP )LJXUH  D FHOOXODU V\VWHP ZLWK FOXVWHU VL]H 1 c ZLOO KDYH LWV ILUVW WLHU FR
FKDQQHO LQWHUIHULQJ FHOOV RQ D FLUFOH RI UDGLXV '  √3×Nc5 5 EHLQJ WKH FHOO UDGLXV )RU
D FHOO VL]H UDGLXV 5   P DQG FOXVWHU VL]H 1 c   WKH UHXVH GLVWDQFH LV JLYHQ E\ '  
√
3× 7× ≈  P 7KDW LV ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV ZLOO EH RQ D FLUFOH RI
UDGLXV '   P IURP WKH GHVLUHG 06¶V EDVH VWDWLRQ %60 UHIHU WR )LJXUH  $ VHFRQG
WLHU FRFKDQQHO LQWHUIHULQJ FHOO UHXVH GLVWDQFH '1 ZLOO EH RQ D FLUFOH RI UDGLXV WZLFH WKDW
RI WKH UDGLXV IRU WKH ILUVW WLHU FRFKDQQHO FHOOV +HQFH '1   ×  P ≈  P )RU D
WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOO LW ZLOO EH RQ D FLUFOH RI UDGLXV '2 ZKLFK LV WKULFH WKH
UDGLXV' RI WKH ILUVW WLHU FRFKDQQHO FHOOV 7KHUHIRUH'2  ×  P≈  P ,W IROORZV
WKDW WKH QWK WLHU UHXVH GLVWDQFH 'n LV WKH SURGXFW RI WKH QWK WLHU QXPEHU Q  «
DQG ILUVW WLHU UHXVH GLVWDQFH ' 'n  Q × ' )LJXUH  VKRZV WKDW IRU I c   0+]
WKH ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOOV DUH DIWHU WKH EUHDNSRLQW J1 :KHQ I c   *+]
WKH EUHDNSRLQW J2 LV EHIRUH WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV ,Q WKH FDVH RI I c
  *+] WKH EUHDNSRLQW J3 LV DIWHU WKH VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV )RU
I c   *+] WKH EUHDNSRLQW J4 LV DIWHU WKH WKLUG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV )URP
WKH H[SODQDWLRQ ZH FDQ FRQFOXGH WKDW DV FDUULHU IUHTXHQF\ LQFUHDVHV DQG FHOO VL]H UDGLXV
UHGXFHV WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ WLHUV EHIRUH WKH EUHDNSRLQW LQFUHDVHV

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  8SOLQN FRFKDQQHO LQWHUIHUHQFH RQ D GHVLUHG %6 RI D IXOO\ ORDGHG QRQ
VHFWRUL]HG FHOOXODU V\VWHP ZLWK   DQG Q FRFKDQQHO LQWHUIHUHQFH FHOOV LQ ILUVW VHFRQG
DQG QWK WLHU &HOO UDGLXV 5   P FOXVWHU VL]H 1 c   DQG EUHDNSRLQW GLVWDQFH J1  
P J2   P J3   P DQG J4   P DW PLFURZDYH FDUULHU IUHTXHQFLHV I c  
  DQG  *+] %6 DQWHQQD KHLJKW Kb   P DQG 06 DQWHQQD KHLJKW Km   P

0XOWLSOH 7LHU ,QWHUIHUHQFH *HQHUDO 6\VWHP 0RGHO
)LJXUH  0XOWLSOH WLHU XSOLQN FRFKDQQHO LQWHUIHUHQFH RQ D GHVLUHG %6 RI D IXOO\ ORDGHG
QRQVHFWRUL]HG FHOOXODU V\VWHP VLWH OD\RXW VKRZLQJ Q WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV
 %60  WKH UHIHUHQFH FHOO
 060  WKH GHVLUHG 06
 5  WKH FHOO UDGLXV
 %6nth  WKH QWK WLHU %6

0XOWLSOH 7LHU ,QWHUIHUHQFH 0RGHOOLQJ
$V VWDWHG LQ SUHYLRXV VHFWLRQV EHIRUH WKH EUHDNSRLQW SRZHU IDOOV RII LQ LQYHUVH SURSRUWLRQ
WR WKH VHFRQG SRZHU RI GLVWDQFH $IWHU WKH EUHDNSRLQW SRZHU IDOOV RII LQ LQYHUVH SURSRUWLRQ
WR WKH IRXUWK SRZHU RI GLVWDQFH 7KHUHIRUH LQVRIDU DV PXFK DV FRFKDQQHO LQWHUIHULQJ FHOOV
DUH EHIRUH WKH EUHDNSRLQW WKH\ WHQG WR EHFRPH DFWLYH
 0RELOH DQG ,QWHUIHULQJ 8VHUV 'LVWULEXWLRQ LQ &HOOV
$V VWDWHG HDUOLHU LQ VHFWLRQ  WKH KH[DJRQDO FHOO VLWH OD\RXW VKDSH LV DSSUR[LPDWHG E\ D
FLUFOH RI UDGLXV 5 7KLV DSSUR[LPDWLRQ LV IRU PDWKHPDWLFDO FRQYHQLHQFH DQG DFFXUDF\ GXU
LQJ RXU DQDO\VLV 7KHUHIRUH WKH SUREDELOLW\ GLVWULEXWLRQ IXQFWLRQ 3') RI D 06 ORFDWLRQ
UHODWLYH WR D %6 LV GHVFULEHG E\ HTXDWLRQ  LQ VXEVHFWLRQ 
 0XOWLSOH 7LHU ,QWHUIHUHQFH 0RGHOOLQJ
7KH V\VWHP IRU RXU LQWHUIHUHQFH PRGHOOLQJ LV D WZRGLPHQVLRQDO KH[DJRQDO QRQVHFWRUL]HG
VPDOOHU FHOO VL]H QHWZRUN 7KH V\VWHP LV FRQVLGHUHG WR KDYHPXOWLSOH WLHUV RI FRFKDQQHO LQ
WHUIHULQJ FHOOV %DVH VWDWLRQV DUH DVVXPHG WR EH XQLIRUPO\ GLVWULEXWHG 7KH V\VWHPPRGHO LV
GHSLFWHG LQ )LJXUH  )RU WKH V\VWHP PRGHO WKH KH[DJRQDO FHOOV KDYH EHHQ DSSUR[LPDWHG
E\ FLUFXODU FHOOV ZLWK HTXDO DUHD IRU PDWKHPDWLFDO VLPSOLFLW\ DQG DFFXUDF\ DV LQ > @
$OO FHOOV DUH DVVXPHG WR KDYH RPQLGLUHFWLRQDO DQWHQQDV )URP )LJXUH  FHOO %60 LV UH
IHUUHG WR DV WKH UHIHUHQFH FHOO ZLWK QWLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV VXUURXQGLQJ LW
1RZ D FHOO M LV VHUYHG E\ %6j  ZKLFK LV ORFDWHG DW WKH FHOO¶V FHQWHU ZLWK  ≤ M ≤  IRU
ILUVW WLHU FRFKDQQHO LQWHUIHUHV  ≤ M ≤  IRU VHFRQG WLHU FRFKDQQHO LQWHUIHUHV DQG >Q
  ×  @ ≤ M≤ >Q   ×   Q@ IRU WKH QWK WLHU FRFKDQQHO LQWHUIHUHV /HW ' UHIHU
WR )LJXUH  VWDQG IRU WKH GLVWDQFH EHWZHHQ %60 DQG D ILUVW WLHU %6 $ VHFRQG WLHU %6
LV WKHQ DW D GLVWDQFH RI ' IURP %60 $Q QWK WLHU %6 ZLOO EH ORFDWHG DW GLVWDQFH Q' :H
FRQVLGHU HDFK FHOO VLWH WR EH KDYLQJ D VLQJOH XVHU IRU WKH PRGHOOLQJ
 *HQHUDO ,QWHUIHUHQFH 0RGHO
:H FRQVLGHU D FHOOXODU V\VWHP ZLWK RQH XVHU SHU FHOO DQG PXOWLSOH FHOOV )RU WKH XSOLQN
HDFK %6 UHFHLYHV FRFKDQQHO LQWHUIHUHQFH IURP0 XVHUV LQ QHLJKERULQJ %6V¶ 7KH QXPEHU

0XOWLSOH 7LHU ,QWHUIHUHQFH 0RGHOOLQJ
RI0 LQWHUIHUHUV GHSHQGV RQ WKH FHOO VLWH JHRPHWULF OD\RXW DQG DFWLYH FRFKDQQHO LQWHUIHULQJ
WLHUV
 3URSRVHG 0RGHO  0XOWLSOH 7LHU ,QWHUIHUHQFH
)RU WKH SURSRVHG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO ZH FRQVLGHU DQ XSOLQN FHO
OXODU ZLUHOHVV QHWZRUN FRQVLVWLQJ RI 06V¶ DQG %6V¶ DV VKRZQ LQ )LJXUH  7KH V\VWHP
XQGHU FRQVLGHUDWLRQ KDV D VLQJOH  XVHU GHVLUHG 06 RI LQWHUHVW DIIHFWHG E\ FRFKDQQHO LQ
WHUIHUHQFH IURPPXOWLSOH XVHUV LQWHUIHULQJ06V¶ IURPPXOWLSOH WLHU FRFKDQQHO FHOOV 7KH
V\VWHP LV FRQVLGHUHG WR EH LQWHUIHUHQFHOLPLWHG PHDQLQJ WKDW WKH UHFHLYHU QRLVH SRZHU LV
JHQHUDOO\ PXFK OHVV WKDQ WKH LQWHUIHUHQFH SRZHU 7KHUPDO QRLVH SRZHU LV QHJOLJLEOH UHOD
WLYH WR WKH FRFKDQQHO LQWHUIHUHQFH SRZHU ,QWHUFKDQQHO LQWHUIHUHQFHV DUH DOVR FRQVLGHUHG
WR EH QHJOLJLEOH 0RELOH VWDWLRQV DUH DVVXPHG WR WUDQVPLW WKH VDPH SRZHU DQG UDGLR FKDQ
QHOV IOXFWXDWH DFFRUGLQJ WR SDWK ORVV 7KH LQWHU  FHOO LQWHUIHUHQFH LV GHSHQGHQW RQ WKH
IUHTXHQF\ UHXVH IDFWRU 1RWH WKDW ZH GR QRW XVH SRZHU FRQWURO LQ WKLV PRGHO EHFDXVH LW LV
HVVHQWLDO LQ GLUHFW VHTXHQFH &'0$ QHWZRUNV &RQVLGHULQJ WKH GHVLUHG 06 WR EH ORFDWHG
LQ WKH FHQWUDO FHOO %60 RI D FHOOXODU ZLUHOHVV QHWZRUN DQG WKH LQWHUIHULQJ 06V¶ WR EH OR
FDWHG LQ FRFKDQQHO LQWHUIHULQJ FHOOV 7KH GHVLUHG XVHU FDUULHUWRLQWHUIHUHQFH UDWLR &,5
γ LV GHILQHG DV WKH UDWLR RI WKH DYHUDJH UHFHLYHG VLJQDO SRZHU OHYHO 3d >:@ IURP D 06 DW
D GLVWDQFH U >P@ IURP WKH GHVLUHG %6 WR WKH VXP 3I >:@ RI LQWHUIHULQJ SRZHU DW GLVWDQFH
Ui1 Ui2 · · · Uin IURP WKH LQWHUIHULQJ %6V¶ :H WKHUHIRUH ZULWH WKH GHVLUHG XVHU &,5 γ IRU
WKH PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH DV IROORZV
γ =
Pd
PI
=
Pd(r)
NI1∑
i1=1
Pi1(ri1) +
NI2∑
i2=1
Pi2(ri2) + · · ·+
NIn∑
in=1
Pin(rin)
. 
ZKHUH 3i1 3i2 DQG 3in >:@ DUH WKH DYHUDJH UHFHLYHG SRZHU IURP WKH LWK LQWHUIHULQJ %6V¶
1 I1 1 I2 · · · 1 In DUH WKH PD[LPXP QXPEHU RI FRFKDQQHO LQWHUIHUHUV LQ WKH UHVSHFWLYH
WLHUV
7KH LQWHUIHUHQFH PRGHO DSSOLHV WR EDQGZLGWK OLPLWHG V\VWHPV VXFK DV 7'0$ DQG
LW LV EDVHG RQ D IXOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP 7KH
DQDO\VLV IURP SUHYLRXV FKDSWHUV KDV VKRZQ WKDW γ LV D IXQFWLRQ RI UHFHLYHG VLJQDO SRZHU
IURP WKH GHVLUHG DQG LQWHUIHULQJ XVHUV $V ZH KDYH VWDWHG HDUOLHU WKH GHVLUHG 06¶V DQG

,QIRUPDWLRQ &DSDFLW\  0XOWLSOH 7LHU ,QWHUIHUHQFH
LQWHUIHULQJ 06V¶ DUH UDQGRPO\ ORFDWHG γ LV DOVR D UDQGRP YDULDEOH 59 ,Q D VPDOOHU FHOO
VL]H UDGLXV ZLUHOHVV HQYLURQPHQW ZKHUH IUHTXHQFLHV DUH UHXVHG RYHU D XUEDQ DUHD ZLWK
GLIIHUHQW FOXVWHU VL]H 1 c IRU D KH[DJRQDO WHVVHOODWLRQ ZLWK 1 c   WKH WRWDO QXPEHU RI FR
FKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU HTXDOV WR VL[ 7KH QXPEHU RI FRFKDQQHO LQWHUIHULQJ
FHOOV LQ D NQRZQ WLHU LV JLYHQ E\  × Q >@ ZKHUH Q LV WKH QWK WLHU )RU D FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHPZLWK1 c   WKH GHVLUHG XVHU&,5 γ IRU WKH PXOWLSOH WLHU FRFKDQQHO
LQWHUIHUHQFH LV JLYHQ E\
γd =
Pd
PI
=
Pd(r)
6∑
i1=1
Pi1(ri1) +
12∑
i2=1
Pi2(ri2) + · · ·+
6×Nn∑
in=1
Pin(rin)

ZKHUH 1n LV WKH PD[LPXP QXPEHU RI FRFKDQQHO LQWHUIHULQJ WLHUV ,W LV DVVXPHG WKDW DOO
06 WUDQVPLW WKH VDPH SRZHU $ GLVWDQFH GHSHQGHQW SDWK ORVV LV DVVXPHG DQG IRU VLP
SOLFLW\ DQG FODULW\ 3 LV GURSSHG IURP HTXDWLRQ  ZLWKRXW ORVV RI JHQHUDOLW\ 8VLQJ
HTXDWLRQ   DQG VXEVWLWXWLQJ WKH UHXVH GLVWDQFH ' ZLWK WKH SURGXFW RI WKH QRU
PDOL]HG UHXVH GLVWDQFH 5u DQG FHOO VL]H UDGLXV 5 WKDW LV '  5u5 ZH REWDLQ WKH GHVLUHG
06¶V &,5 DV IROORZV
γd =
Pd
PI
=
r−α(1 + r/g)−ρ
6∑
i1=1
r−αi1 (1 + ri1/g)
−ρ +
12∑
i2=1
r−αi2 (1 + ri2/g)
−ρ + · · ·+
6×Nn∑
in=1
r−αin (1 + rin/g)
−ρ
=
r−α(1 + r/g)−ρ
6∑
i=1
D−α(1 +D/g)−ρ +
12∑
i=1
(2D)−α(1 + (2D)/g)−ρ + · · ·+
6×Nn∑
i=1
(NnD)−α(1 + (NnD)/g)−ρ
=
1
r
α
(
1 + r
g
)
−ρ
6∑
i=1
1
RRα
u
(
1 + (RRu)
g
)
−ρ
+
12∑
i=1
1
(2RRu)α
(
1 + (2RRu)
g
)
−ρ
+ · · ·+
6×Nn∑
i=1
1
(NnRRu)α
(
1 + (NnRRu)
g
)
−ρ

1RWH WKDW 1n' LV WKH UHXVH GLVWDQFH EHWZHHQ WKH 1n WLHU FRFKDQQHO FHOO DQG WKH GH
VLUHG %6 8VLQJ WKH VXPPDWLRQ SURSHUWLHV DQG UHSUHVHQWLQJ WKH WRWDO WLHUV RI FRFKDQQHO
LQWHUIHUHUV E\ 1n DQG VLPSOLI\LQJ  ZH FDQ ZULWH WKH GHVLUHG 06¶V &,5 DV IROORZV
γd(Nn, r, ) =
r−α(1 + r/g)−ρ
∞∑
i=1
6Nn∑
n=1
(nRuRin)−α(1 + (nRuRin)/g)−ρ
. 
 ,QIRUPDWLRQ &DSDFLW\  0XOWLSOH 7LHU ,QWHUIHUHQFH
:H VWLOO TXDQWLI\ WKH LQIRUPDWLRQ FDSDFLW\ IRU RXU LPSDFW DQDO\VLV E\ WKH $UHD 6SHFWUDO
(IILFLHQF\ $6( VLQFH WKH XOWLPDWH FDSDFLW\ RI D ODQG PRELOH UDGLR V\VWHP LV GLUHFWO\

,QIRUPDWLRQ &DSDFLW\  0XOWLSOH 7LHU ,QWHUIHUHQFH
)LJXUH  $YHUDJH DUHD VSHFWUXP HIILFLHQF\ YHUVXV QXPEHU RI FRFKDQQHO LQWHUIHULQJ
WLHUV 3DWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ   FDUULHU IUHTXHQF\ I c  
0+] FHOO VL]H UDGLXV 5   P 06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
UHODWHG WR LWV VSHFWUDO HIILFLHQF\ >@ DQG DOVR IRU WKH FRQVLVWHQFH RI WKLV WKHVLV $V VWDWHG
HDUOLHU LQ &KDSWHU  WKH $6( XVHG IRU WKH DQDO\VLV LV LQ UHODWLRQVKLS WR D IXOO\ ORDGHG
FHOOXODU ZLUHOHVV V\VWHP +RZHYHU WKLV WLPH DURXQG WKH LQWHUIHUHQFH DUH DVVXPHG WR EH
FRPLQJ IURP PXOWLSOH WLHUV 8VLQJ WKH VDPH QRWDWLRQ LQ 6XEVHFWLRQ  VXFK WKDW 1s
UHSUHVHQW WKH WRWDO QXPEHU RI DFWLYH VHUYLFHG FKDQQHOV SHU FHOO &k >ELWVVHF@ WKH PD[LPXP
GDWD UDWH RI WKH NWK XVHU : >+]@ WKH WRWDO EDQGZLGWK DOORFDWHG WR HDFK FHOO ' WKH IUHTXHQF\
UHXVH GLVWDQFH 7KH $6( LV H[SUHVVHG E\ HTXDWLRQ  DV LQ &KDSWHU 
)RU WKLV ZRUN ERWK PXOWLSOH WLHU LQWHUIHUHQFH DQG VLJQDO WKH SRZHU RI WKH NWK XVHU
YDULHVZLWKPRELOH ORFDWLRQV DQG SURSDJDWLRQ FRQGLWLRQV 7KHUHIRUH WKH FDUULHUWRLQWHUIHUHQFH
UDWLR &,5 γ ZLOO DOVR YDU\ ZLWK WLPH +HQFH WKH LQIRUPDWLRQ FDSDFLW\ &k RI WKH NWK XVHU
HTXDOV WKH DYHUDJH FKDQQHO FDSDFLW\ RI WKDW NWK XVHU DQG LV JLYHQ E\ HTXDWLRQ  UHIHU
WR &KDSWHU 

,QIRUPDWLRQ &DSDFLW\  0XOWLSOH 7LHU ,QWHUIHUHQFH
)LJXUH  $YHUDJH DUHD VSHFWUXP HIILFLHQF\ YHUVXV QXPEHU RI FRFKDQQHO LQWHUIHULQJ
WLHUV 3DWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ   FDUULHU IUHTXHQF\ I c  
*+] FHOO VL]H UDGLXV 5   P 06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb   P
 7LHUV RI&RFKDQQHO ,QWHUIHULQJ&HOO IRU&RQVLGHUDWLRQ LQ 6PDOOHU
&HOO 6L]H 5DGLXV 6\VWHP
,Q WKLV VHFWLRQ ZH ILQG WKH PD[LPXP QXPEHU RI FRFKDQQHO WLHUV 1n WR EH FRQVLGHUHG LQ
RXU DQDO\VLV DQG VLPXODWLRQ 7R MXVWLI\ WKH FKRLFH IRU 1n ZH FRQVLGHU DQ DUUDQJHPHQW RI
KH[DJRQDO FRYHUDJH DUHD DV GHVFULEHG LQ VHFWLRQ  8VLQJ HTXDWLRQV  DQG  D
JUDSK RI DUHD VSHFWUDO HIILFLHQF\ YHUVXV QXPEHU RI FRFKDQQHO LQWHUIHULQJ WLHUV IRU FHOO
UDGLXV 5   P DQG FDUULHU IUHTXHQFLHV I c    DQG  *+] LV SORWWHG 1RWLQJ
WKDW IRU KH[DJRQDO FRYHUDJH WKHUH DUH  FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH ILUVW WLHU DQG Q
FRFKDQQHO LQWHUIHULQJ FHOOV LQ WKH QWK WLHU
7KH FXUYH LQ )LJXUH  LV IRU FDUULHU IUHTXHQF\ I c  0+] WKH FXUYH VKRZV WKDW
WKH DUHD VSHFWUDO HIILFLHQF\ $6( WHQGV WR UHPDLQ FRQVWDQW DIWHU WKH WKLUG WLHU )LJXUH 
VKRZV WKH FXUYH IRU FDUULHU IUHTXHQF\ I c   *+] 7KH FXUYH VKRZV WKDW WKH DUHD

3URSDJDWLRQ6\VWHP 3DUDPHWHU ,PSDFW $QDO\VLV
)LJXUH  $YHUDJH DUHD VSHFWUXP HIILFLHQF\ YHUVXV QXPEHU RI FRFKDQQHO LQWHUIHULQJ
WLHUV 3DWK ORVV H[SRQHQW α   H[WUD SDWK ORVV H[SRQHQW ρ   FDUULHU IUHTXHQF\ I c  
 *+] FHOO VL]H UDGLXV 5   P 06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb  
 P
VSHFWUDO HIILFLHQF\ $6( WHQGV WR EH FRQVWDQW DIWHU WKH ILIWK WLHU )LJXUH  GHSLFWV WKH
FXUYH IRU FDUULHU IUHTXHQF\ I c   *+] 7KH FXUYH VKRZV WKDW WKH DUHD VSHFWUDO HIIL
FLHQF\ $6( WHQGV WR EH WKH VDPH DIWHU WKH WHQWK WLHU )URP )LJXUHV    LW LV FRQ
FOXGHG WKDW IRU WKH FKRVHQ FDUULHU IUHTXHQFLHV XVHG LQ WKLV WKHVLV WKH PD[LPLQ QXPEHU RI
FRFKDQQHO LQWHUIHULQJ WLHU 1n XVHG IRU DQDO\VLV DQG VLPXODWLRQ VKRXOG EH WHQ WLHUV
 3URSDJDWLRQ6\VWHP 3DUDPHWHU ,PSDFW $QDO\VLV
7KLV DQDO\VLV DSSOLHV WR EDQGZLGWK OLPLWHG V\VWHPV VXFK DV 7'0$ DQG LW LV EDVHG RQ D
IXOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP 2XU DQDO\VLV VR IDU
KDV VKRZQ WKDW γ LV D IXQFWLRQ RI UHFHLYHG VLJQDO SRZHU IURP WKH GHVLUHG DQG LQWHUIHULQJ
XVHUV 6LQFH ZH DVVXPH WUDQVPLVVLRQ UDWH WR EH FRQWLQXRXVO\ DGDSWHG UHODWLYH WR WKH &,5
LQ VXFK D PDQQHU WKDW WKH %(5 JRHV WR ]HUR DV\PSWRWLFDOO\ ,I ZH DVVXPH WKDW DOO XVHU

1XPHULFDO 6LPXODWLRQ 6HWXS IRU 3URSDJDWLRQ6\VWHP 3DUDPHWHU ,PSDFW $QDO\VLV
DUH DVVLJQHG WKH VDPH EDQGZLGWK ⟨Ck⟩  ⟨C⟩ EHFRPHV WKH VDPH IRU DOO XVHUV WKHUHIRUH
⟨Ae⟩ FDQ EH ZULWWHQ DV
⟨Ae⟩ = 4Ns⟨C⟩
πBD2
=
4Ns⟨C⟩
πWR2uR
2
, 
,Q D 7'0$ V\VWHP WKH WRWDO EDQGZLGWK LV DOORFDWHG WR RQO\ RQH DFWLYH PRELOH XVHU SHU
WLPH VORW .HHSLQJ LQ PLQG WKDW IRU WKH PXOWLSOH WLHU LQWHUIHUHQFH LPSDFW DQDO\VLV ZH VWLOO
FRQVLGHU D 7'0$ V\VWHP IRU FRQVLVWHQFH RI WKH WKHVLV 7KH HTXDWLRQ IRU WKH LQIRUPDWLRQ
FDSDFLW\ ZKLFK LV WKH $6( UHPDLQV WKH VDPH DV WKDW RI HTXDWLRQ 
6LQFH WKH DYHUDJH &,5 RI WKH GHVLUHG 06 γ LV D IXQFWLRQ RI ERWK WKH QXPEHU RI
FRFKDQQHO LQWHUIHUHUV DQG WKH GHVLUHG 06¶V SRVLWLRQ U WKH GHVLUHG 06¶V FDSDFLW\ UH
PDLQV WKH VDPH DV HTXDWLRQ  +RZHYHU ZH UHSODFH 1FI DQG 1SI  WKH ILUVW DQG VHFRQG
WLHU FRFKDQQHO LQWHUIHULQJ FHOOV E\ WKH WRWDO QXPEHU RI WKH PXOWLSOH WLHU LQWHUIHULQJ FHOOV
,QWHJUDWLQJ WKH HTXDWLRQ RYHU WKH GHVLUHG 06¶V SRVLWLRQ 3') HTXDWLRQ  \LHOGV WKH DY
HUDJH LQIRUPDWLRQ FDSDFLW\ $6( IRU WKH PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH FRQILJXUDWLRQ
DV SUHVHQWHG E\ HTXDWLRQ 
 1XPHULFDO 6LPXODWLRQ 6HWXS IRU 3URSDJDWLRQ6\VWHP
3DUDPHWHU ,PSDFW $QDO\VLV
&RPSXWHU VLPXODWLRQ E\ 0RQWH &DUOR PHWKRG LV SURYLGHG WR FRPSDUH WKH LQIRUPDWLRQ
FDSDFLW\ SHUIRUPDQFH EHWZHHQ WKH FRQYHQWLRQDO DQG RXU SURSRVHGPXOWLSOH WLHU FRFKDQQHO
LQWHUIHUHQFH PRGHO 7KH FRPSDULVRQ LV IRU GLIIHUHQW SURSDJDWLRQ ORVVV\VWHP SDUDPHWHUV DW
KLJKHUPLFURZDYH FDUULHU IUHTXHQF\ DQG VPDOOHU FHOO VL]H UDGLXV :LWKRXW ORVV RI JHQHUDOLW\
RQO\ WHQ WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV ZHUH FRQVLGHUHG IRU LQWHUIHUHQFH JHQHUDWLRQ
IRU VLPXODWLRQ 7HQ WLHUV ZHUH FRQVLGHUHG EHFDXVH E\ VXFFHVVLYH QXPHULFDO UXQV ZLWK DQ
LQFUHDVHG QXPEHU RI WLHUV ZH IRXQG WKDW WKH DGGLWLRQ RI IXUWKHU WLHUV EH\RQG WHQ KDG QR
HIIHFW RQ WKH DFFXUDF\ RI WKH UHVXOWV 1RWH DOVR WKDW LQ VXEVHFWLRQ  ZH MXVWLI\ WKH XVH
RI WHQ WLHUV
)RU WKH PXOWLSOH WLHU LQWHUIHUHQFH VLPXODWLRQ WKH VLPXODWLRQ HQYLURQPHQW LV VLP
LODU WR WKDW RI )LJXUH  7KH VLPXODWLRQ PRGHO JHRPHWU\ LV DV VKRZQ LQ )LJXUH 
)LJXUH  VKRZV D VLPSOLILHG IORZ FKDUW IRU WKH VLPXODWLRQ VHWXS )LUVW WKH GHVLUHG 06

1XPHULFDO 6LPXODWLRQ 6HWXS IRU 3URSDJDWLRQ6\VWHP 3DUDPHWHU ,PSDFW $QDO\VLV
)LJXUH  *HRPHWU\ RI GHVLUHG XVHU DQG LQWHUIHULQJ XVHUV LQ GLIIHUHQW FRFKDQQHO WLHUV
 %60  WKH UHIHUHQFH FHOO
 %61  ILUVW WLHU FRFKDQQHO LQWHUIHULQJ FHOO
 %67  VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOO
 %6j  MWK WLHU FRFKDQQHO LQWHUIHULQJ FHOO
 '  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %61
 '1  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %67
 'j  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG %6j
 U  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ 060 DQG %60
 Ui1  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG ;i1
 Ui2  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG ;i2
 Uij  GLVWDQFH RI VHSDUDWLRQ EHWZHHQ %60 DQG ;ij
 θi1  GLUHFWLRQ RI 06i1 WUDYHO UHIHUHQFHG WR D YHFWRU IURP %60 WR %61
 θi2  GLUHFWLRQ RI 06i2 WUDYHO UHIHUHQFHG WR D YHFWRU IURP %60 WR %67
 θij  GLUHFWLRQ RI 06ij WUDYHO UHIHUHQFHG WR D YHFWRU IURP %60 WR %67

1XPHULFDO 6LPXODWLRQ 6HWXS IRU 3URSDJDWLRQ6\VWHP 3DUDPHWHU ,PSDFW $QDO\VLV
)LJXUH  )ORZ FKDUW IRU PXOWLSOH WLHU LQWHUIHUHQFH LQIRUPDWLRQ FDSDFLW\ VLPXODWLRQV

1XPHULFDO 5HVXOWV
SRVLWLRQ LV ORFDWHG XVLQJ WKH XQLIRUP GLVWULEXWLRQ JLYHQ E\ HTXDWLRQ  7KH SRODU FRRU
GLQDWHV [LMșLM RI WKH MWK LQWHUIHULQJ06 SRVLWLRQ RI WKH1 LM FRFKDQQHO LQWHUIHULQJPRELOHV
DUH DOVR ORFDWHG DFFRUGLQJ WR WKH XQLIRUP GLVWULEXWLRQ 7KH OLPLWV RI WKH GLVWULEXWLRQ DUH LQ
WKH UDQJH RI >ʌ@ ZLWK UHVSHFW WR FXUUHQW SRVLWLRQ RI 06 7R HQVXUH FRQVLVWHQFH LQ WKLV
WKHVLV WKH VDPH VLPXODWLRQ SDUDPHWHUV XVHG LQ &KDSWHU  LV XVHG IRU WKH VLPXODWLRQ LQ
WKLV FKDSWHU )URP WKH VLPXODWLRQ PRGHO JHRPHWU\ LQ )LJXUH  WKH GLVWDQFH Uij LV JLYHQ
DV
rij =
√
(jD)2 + x2ij − 2 j D xij FRV(θij). 
8VLQJ WKH WZRVORSH SDWK ORVV PRGHO WKH GHVLUHG XVHU &,5 IRU WKH VLPXODWLRQ LV JLYHQ E\
γd(Nn, r) =
r−α(1 + r/g)−ρ
∞∑
i=1
6Nn∑
n=1
(nrin)−α(1 + nrin/g)−ρ
. 
7KH LQIRUPDWLRQ FDSDFLW\ JLYHQ E\ WKH DYHUDJH $6( $e IRU WKH VLPXODWLRQ LV JLYHQ E\
⟨Ae⟩ = 4
πR2uR
2
ORJ2(1 + γd(Nn, r)). 
:H WKHQ HVWLPDWHG ⟨Ae⟩ E\ WDNLQJ WKH DYHUDJH RI DOO WKH REVHUYDWLRQV RI $e LQ HTXD
WLRQ  DIWHU UHSHDWLQJ WKH VLPXODWLRQ SURFHGXUH   WLPHV 7KH VLPXODWLRQ SUR
FHGXUH LV UHSHDWHG   WLPHV VR WKDW WKH VDPSOHPHDQZLOO FRQYHUJH WR WKH WUXH H[SHFWHG
YDOXH
 1XPHULFDO 5HVXOWV
,Q WKLV VHFWLRQ ZH SUHVHQW WKH UHVXOWV IURP WKH 0RQWH&DUOR VLPXODWLRQV IRU WKH LQIRUPD
WLRQ FDSDFLW\ SHUIRUPDQFH FRPSDULVRQ EHWZHHQ WKH FRQYHQWLRQDO LQWHUIHUHQFH PRGHO DQG
WKH SURSRVHG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO SUHVHQWHG LQ &KDSWHU  7KH UHVXOWV VKRZ
WKDW L DW KLJKHU PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG VPDOOHU FHOO VL]H
UDGLXVPXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH EHFRPH DFWLYH DQG LL SURSDJDWLRQ ORVV DQG
V\VWHP SDUDPHWHUV VWLOO DIIHFW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI D FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP ZKHQ PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHUHQFH DUH DFWLYH
)LJXUHV    LOOXVWUDWH WKH HIIHFW RI UHXVH SDWWHUQ DQG FHOO UDGLXV RQ LQIRUPD
WLRQ FDSDFLW\ SHUIRUPDQFH RI HPHUJLQJ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ QHWZRUNV 7KH

1XPHULFDO 5HVXOWV
ILJXUHV FRQILUP WKDW WKH DYHUDJH $6( LV DQ LQFUHDVLQJ IXQFWLRQ RI UHXVH IDFWRU 7KH FXUYHV
VKRZ WKDW WKH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHUV PRGHO DW FDUULHU
IUHTXHQF\ RI  0+] ZDV OHVV FRPSDUHG WR KLJKHU FDUULHU IUHTXHQFLHV I c    
DQG  *+]
7KH FXUYHV LQ )LJXUHV    VKRZV WKH FRPSDUVLRQ LQ LQIRUPDWLRQ FDSDFLW\
SHUIRUPDQFH EHWZHHQ WKH WZR DQG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO 7KH FXUYHV VKRZ WKDW
WKH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHUV PRGHO WZR DQG0XOWLSOH
WLHU DW FDUULHU IUHTXHQF\ RI 0+] ZDV OHVV FRPSDUHG WR KLJKHU FDUULHU IUHTXHQFLHV I c  
   DQG  *+] 7KH FXUYHV DOVR VKRZ WKDW WKH GHFUHDVH ZDV OHVV DV FRPSDUHG
WR WKH FDVH RI WKH VLQJOH WLHU DQG PXOWLSOH WLHU DV H[SHFWHG EHFDXVH VHFRQG WLHU FRFKDQQHO
LQWHUIHUHQFH DUH OHVV DV FRPSDUHG WR WKDW IURP WKDW ILUVW WLHU
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)LJXUH  &RPSDULVRQ RI WKH DYHUDJH DUHD VSHFWUDO HIILFLHQF\ $6( IRU WZR DQG PXOWLSOH
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 FDUULHU IUHTXHQF\ I c  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 SDWK ORVV H[SRQHQW
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 %6 DQWHQQD KHLJKW Kb   P DQG 06 DQWHQQD
KHLJKW Km   P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)XOO\ ORDGHG QRQVHFWRUL]HG FHOOXODU V\VWHP FDUULHU IUHTXHQF\ I c   *+]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H[SRQHQW α   DQG H[WUD SDWK ORVV H[SRQHQW ρ  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 ,PSDFW RI %DVLF 3DWK /RVV ([SRQHQW0XOWLSOH 7LHU ,QWHUIHUHQFH
)LJXUHV    VKRZ WKH VLPXODWLRQ UHVXOWV IRU GLIIHUHQW EDVLF SDWK ORVV H[SRQHQW α
7KLV LV IRU WKH VWXG\ RI WKH LPSDFW RI SURSDJDWLRQ ORVV SDUDPHWHUV DW KLJKHU FDUULHU IUHTXHQ
FLHV DQG VPDOO FHOO VL]H UDGLXV ZKHQ PXOWLSOH WLHUV RI LQWHUIHUHQFH DUH DFWLYH )LJXUH 
FRPSDUHV WKH LQIRUPDWLRQ FDSDFLW\ IRU WKH VLQJOH DQG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH
PRGHOV IRU GLIIHUHQW FDUULHU IUHTXHQFLHV I c ZKHQ EDVLF SDWK ORVV H[SRQHQW α   7KH
FXUYHV VKRZ WKDW ZKHQ I c   0+] DQG 5   NP WKHUH LV D  GHFUHDVH LQ LQ
IRUPDWLRQ FDSDFLW\ EHWZHHQ WKH VLQJOH DQG PXOWLSOH WLHU LQWHUIHUHUV PRGHO $W  NP WKH
GHFUHDVH LV  DQG VWLOO OHVV IRU JUHDWHU YDOXHV RI 5 )RU I c   *+] DW  NP WKH
GHFUHDVH LQ $6( ZDV  $W  NP LW ZDV  DQG OHVV VWLOO IRU JUHDWHU YDOXHV
RI 5 )RU  *+] WKH GHFUHDVH ZDV  DQG  DW  DQG  NP 1RZ IRU
 *+] WKH GHFUHDVH LQ $6( ZDV  DW  NP  DW  NP  DW  NP
 DW  NP DQG OHVV VWLOO IRU JUHDWHU YDOXHV RI 5 )RU  *+] WKH GHFUHDVH DW 
  DQG  NP ZDV    DQG 
)LJXUH  FRPSDUHV WKH $6( IRU WKH WZR LQWHUIHUHQFH PRGHOV ZKHQ α   $W
I c   0+] DQG  NP WKH GHFUHDVH ZDV  DQG OHVV IRU JUHDWHU YDOXHV RI 5 )RU
 *+] DW  NP WKH GHFUHDVH ZDV  $W  NP LW ZDV  DQG OHVV IRU JUHDWHU
YDOXHV RI 5 )RU I c   *+] WKH GHFUHDVH ZDV  DQG  DW  DQG  NP
$W  *+] DQG  NP WKH GHFUHDVH LQ $6( ZDV  DW  NP LW ZDV  DQG DW
 NP ZDV  DQG OHVV IRU JUHDWHU YDOXHV RI 5 )RU  *+] WKH GHFUHDVH DW 
 DQG  NP ZDV   DQG 
)LJXUH  FRPSDUHV WKH $6( IRU WKH WZR LQWHUIHUHQFH PRGHOV ZKHQ α   )RU
I c   0+]  *+] DQG  *+]  WKH FXUYHV VKRZ D OHVVHU GHFUHDVH LQ LQIRUPDWLRQ
FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV )RU  *+] DW  NP WKHUH ZDV 
GHFUHDVH LQ $6( $W  NP LW ZDV  )RU  *+] WKH GHFUHDVH DW   NP
ZDV  DQG 
)LJXUH  FRPSDUHV WKH $6( IRU WKH WZR LQWHUIHUHQFH PRGHOV ZKHQ α   )RU
I c   0+]  *+] DQG  *+] DW 5   NP WKH GHFUHDVH LQ $6( EHWZHHQ WKH
WZR PRGHOV ZDV   DQG  ,W ZDV KRZHYHU OHVV WKDQ  DW 5   NP
+RZHYHU IRU  *+] DW  NP WKHUH ZDV  GHFUHDVH LQ $6( $W  NP WKH
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GHFUHDVH ZDV  DQG VWLOO OHVV IRU JUHDWHU YDOXHV RI 5 )RU  *+] WKH GHFUHDVH DW
 DQG  NP ZDV  DQG 
)LJXUHV    FRPSDUHV WKH $6( IRU WZR DQG PXOWLSOH WLHU LQWHUIHUHQFH PRG
HOV 7KH LQIRUPDWLRQ FDSDFLW\ FRPSDULVRQ LV IRU GLIIHUHQW EDVLF SDWK ORVV H[SRQHQW α DQG
FDUULHU IUHTXHQFLHV I c 7KH FXUYHV VKRZ D OHVVHU GHFUHDVH LQ $6( DV FDUULHU IUHTXHQF\ GH
FUHDVH 7KH FXUYHV DOVR VKRZ D OHVVHU GHFUHDVH LQ $6( DV WKH EDVLF SDWK ORVV H[SRQHQW
LQFUHDVHV
)URP WKH JUDSKV ZH FDQ FRQFOXGH WKDW IRU FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+]
DW ORZHU SDWK ORVV H[SRQHQW DQG VPDOOHU FHOO UDGLXV PXOWLSOH WLHUV RI LQWHUIHUHQFH EHFRPH
DFWLYH ZKLFK FDXVHV FRFKDQQHO LQWHUIHUHQFH WR EH VHYHUH 7KLV FDXVHV D GHFUHDVH LQ WKH
LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP 7KH FXUYHV DOVR VKRZ
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 ,PSDFW RI ([WUD 3DWK /RVV ([SRQHQW0XOWLSOH 7LHU ,QWHUIHU
HQFH
)LJXUHV  ±  GHSLFW WKH HIIHFW RI WKH H[WUD SDWK ORVV H[SRQHQW ρ RQ WKH LQIRUPDWLRQ
FDSDFLW\ ZKHQ EDVLF SDWK ORVV H[SRQHQWα LV FRQVWDQW DQG HTXDOV WZR 7KH ILJXUHV FRQILUP
WKDW $6( LQFUHDVHV DV ρ EHFRPHV ELJJHU ZKLFK LV YHULILHG LQ >@ IRU WKH FRQYHQWLRQDO
LQWHUIHUHQFH PRGHO DQG DOVR KROGV IRU WKH SURSRVHG LQWHUIHUHQFH PRGHO 7KH $6( WHQGV WR
LQFUHDVH EHFDXVH ρ DIIHFWV WKH IDU ILHOG LQWHUIHUHU >@
7KH FXUYHV LQ )LJXUH  VKRZ WKDW IRU ρ   DQG I c   0+] WKH GLIIHUHQFH
LQ $6( EHWZHHQ WKH WZR LQWHUIHUHUV PRGHO ZDV  DQG  DW  DQG  NP )RU
 *+] DW 5   NP WKHUH ZDV  GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHUV
PRGHOV $W 5   NP WKH GHFUHDVH ZDV  )RU I c   *+] WKH GHFUHDVH LQ
LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHUV PRGHOV ZDV  DQG  DW 
DQG  NP )RU I c   *+] WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR PRGHOV ZDV 
DW  NP DQG  DW  NP )RU I c   *+] WKH GHFUHDVH ZDV  DQG 
DW  DQG  NP
7KH FXUYHV LQ )LJXUH  VKRZ WKDW IRU ρ   DQG I c   0+] WKH GLIIHUHQFH
LQ $6( EHWZHHQ WKH WZR LQWHUIHUHUV PRGHO ZDV  DQG  DW  DQG  NP )RU 
*+] DW 5   NP WKHUH ZDV D  GHFUHDVH LQ $6( EHWZHHQ WKH WZR PRGHOV $W 5  
 NP WKH GHFUHDVH ZDV  )RU I c   *+] WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR
LQWHUIHUHUV PRGHOV ZDV  DW  NP DQG  DW  NP )RU I c   *+] WKH
GHFUHDVH LQ $6( EHWZHHQ WKH WZR PRGHOV ZDV  DW  NP DQG  DW  NP
)RU I c   *+] DW 5   DQG  NP WKH GHFUHDVH ZDV  DQG 
)LJXUH  VKRZV WKDW IRU ρ   I c   0+] DQG  *+] WKHUH ZDV QRW PXFK
GLIIHUHQFH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHUV PRGHOV DV FRPSDUHG WR ZKHQ I c   
DQG  *+] )RU  *+] WKH GHFUHDVH ZDV  DW  NP )RU  *+] WKH
GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHUV PRGHOV DW  NP ZDV  DQG  DW
 NP )RU I c   *+] DW 5   DQG  NP WKH GHFUHDVH ZDV  DQG 
)LJXUH  VKRZV WKDW IRU ρ   DQG I c   0+]  *+] DQG  *+] WKHUH
ZDV QRW PXFK GLIIHUHQFH LQ $6( EHWZHHQ WKH VLQJOH DQG PXOWLSOH WLHU LQWHUIHUHUV PRGHO
+RZHYHU DW  *+] WKHUH ZDV D GHFUHDVH RI  DW 5   NP DQG  DW 5  
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 NP )RU I c   *+] DW 5   DQG  NP WKH GHFUHDVH ZDV  DQG 
$Q LPSRUWDQW FRQFOXVLRQ GHULYHG IURP WKH FXUYHV LQ )LJXUH    LV WKDW DW
KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU H[WUD SDWK ORVV H[SRQHQW RWKHU WLHUV RI FRFKDQQHO
LQWHUIHULQJ FHOOV DSDUW IURP WKRVH LQ WKH ILUVW WLHU EHFRPH DFWLYH 2WKHU WLHUV RI FRFKDQQHO
LQWHUIHULQJ FHOOV EHFRPH DFWLYH EHFDXVH DV FDUULHU IUHTXHQF\ LQFUHDVHV WKH EUHDNSRLQW GLV
WDQFH RI WKH WZRVORSH SDWK ORVV PRGHO LQFUHDVHV UHIHU WR )LJXUH  7KH LQFUHDVH LQ
EUHDNSRLQW GLVWDQFH DOORZV RWKHU FRFKDQQHO LQWHUIHULQJ FHOOV WR EH LQ WKH VDPH UHJLRQ ED
VLF SDWK ORVV H[SRQHQW α UHJLRQ DV WKRVH RI WKH ILUVW WLHU /LNHZLVH DV WKH H[WUD SDWK
ORVV H[SRQHQW ρ LQFUHDVHV WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHUV PRGHO WXUQV WR
GHFUHDVH 7KH $6( WHQG WR GHFUHDVH EHFDXVH LQWHUIHUHQFH DIWHU WKH EUHDNSRLQW EHFRPHV
OHVV VHYHUH HYHQ LQ WKH FDVH RI KLJKHU FDUULHU IUHTXHQF\ DQG VPDOOHU FHOO VL]H UDGLXV
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 ,PSDFW RI $QWHQQD +HLJKW0XOWLSOH 7LHU ,QWHUIHUHQFH
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DW 5   DQG  NP WKH GHFUHDVH LQ $6( ZDV 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Kb   P )RU I c  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GLVWDQFH2
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1XPHULFDO 5HVXOWV
 ,PSDFW RI 9HKLFXODU 7UDIILF  0XOWLSOH 7LHU ,QWHUIHUHQFH
)LJXUHV    VKRZ WKH VLPXODWLRQ UHVXOW IRU WKH LPSDFW RI YHKLFXODU WUDIILF HIIHFWLYH
URDG KHLJKW K RQ WKH LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV V\VWHP RSHUDWLQJ DW KLJKHU
FDUULHU IUHTXHQFLHV 7KH FXUYHV IRU OLJKW YHKLFXODU WUDIILF DQG %6 DQWHQQD Kb   P DUH
VKRZQ LQ )LJXUH  7KH FXUYHV VKRZ WKDW IRU I c    DQG  *+] DW 5  
P WKH GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHO ZDV 
 DQG  $W 5   P WKH GHFUHDVH ZDV   DQG  )LJXUH 
VKRZV WKH FDVH IRU KHDY\ YHKLFXODU WUDIILF DQG Kb   P $W  P WKH GHFUHDVH LQ $6(
ZDV   DQG  $W  P WKH SHUFHQWDJH GHFUHDVH LQ $6( EHWZHHQ WKH WZR
LQWHUIHUHQFH PRGHOV ZDV   
7KH QXPHULFDO VLPXODWLRQ UHVXOW LQ )LJXUH  VKRZV WKH FXUYH IRU OLJKW YHKLFXODU
WUDIILF DQG %6 DQWHQQD KHLJKW Kb   P )RU FDUULHU IUHTXHQFLHV I c    DQG 
*+] DW  P FHOO VL]H UDGLXV WKH GHFUHDVH LQ $6( ZDV    )RU  P
LW ZDV   DQG  )LQDOO\ )LJXUH  VKRZV WKH FXUYH IRU KHDY\ YHKLFXODU
WUDIILF DQG Kb   P )RU FDUULHU IUHTXHQFLHV I c    DQG  *+] DW  P
FHOO VL]H UDGLXV WKH GHFUHDVH LQ $6( ZDV    )RU  P LW ZDV 
 DQG 
7KH QXPHULFDO VLPXODWLRQ UHVXOW VKRZV WKDW HYHQ IRU GLIIHUHQW YHKLFXODU WUDIILF FRQ
GLWLRQV DV WKH FDUULHU IUHTXHQF\ LQFUHDVHV DQG FHOO VL]H UDGLXV GHFUHDVHV PXOWLSOH WLHUV RI
FRFKDQQHO LQWHUIHUHQFH EHFRPH DFWLYH 7KLV WKHUHIRUH OHDGV WR LQWHUIHUHQFH EHFRPLQJ
VHYHUH WKXV GHFUHDVLQJ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ
V\VWHP 7KH FXUYHV DOVR VKRZ WKDW IRU ERWK OLJKW DQG KHDY\ YHKLFXODU WUDIILF FRQGLWLRQV
DV WKH %6 DQWHQQD KHLJKW LQFUHDVHV FRFKDQQHO LQWHUIHUHQFH EHFRPHV PRUH VHYHUH ,W EH
FRPHV VHYHUH EHFDXVH DV WKH %6 DQWHQQD KHLJKW LQFUHDVHV WKH EUHDNSRLQW GLVWDQFH LQFUHDVHV
DQG PRUH FRFKDQQHO FHOOV DUH LQ WKH IUHH VSDFH UHJLRQ RI WKH SDWK ORVV PRGHO
)URP )LJXUHV    LW LV HYLGHQW WKDW WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH
IRU ERWK FRFKDQQHO LQWHUIHUHQFH PRGHOV LPSURYHV IRU KHDY\ YHKLFXODU WUDIILF DV FRPSDUHG
WR WKDW RI OLJKW YHKLFXODU WUDIILF ZKLFK LV LQ DJUHHPHQW ZLWK WKH ZRUN LQ >@
7KH ILJXUHV DOVR UHYHDO WKDW WKH GHFUHDVH LQ $6( EHWZHHQ WKH WZR LQWHUIHUHQFH PRG
HOV LV OHVV ZKHQ YHKLFXODU WUDIILF LV KHDY\ DV FRPSDUHG WR OLJKW YHKLFXODU WUDIILF )URP
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6XPPDU\
WKH UHVXOW ZH FDQ FRQFOXGH WKDW FRPPXQLFDWLRQ GXULQJ WKH GD\ ZKHQ WUDIILF LV KHDY\ WDNHV
DGYDQWDJH RI WKH IDYRUDEOH SURSDJDWLRQ FRQGLWLRQV WR LPSURYH LQIRUPDWLRQ FDSDFLW\
 6XPPDU\
,Q WKLV FKDSWHU EHFDXVH RI WKH GHSHQGHQFH RI FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
LQIRUPDWLRQ FDSDFLW\ RQ SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV ZH KDYH DQDO\]HG DQG
VWXGLHG WKH LPSDFW RI ERWK V\VWHP DQG SURSDJDWLRQ ORVV SDUDPHWHUV RQ WKH LQIRUPDWLRQ FD
SDFLW\ SHUIRUPDQFH RI D 7'0$ EDVHG /26 PLFURFHOOXODU ZLUHOHVV QHWZRUN 7KH ZLUHOHVV
QHWZRUN LV RSHUDWLQJ DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG PXOWLSOH WLHU RI FR
FKDQQHO LQWHUIHUHUV DUH FRQVLGHUHG WR EH DFWLYH 2XU SHUIRUPDQFH DQDO\VLV ZDV EDVHG RQ
WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ WKH WZRVORSH SURSDJDWLRQ ORVV PRGHO DQG WKH FKDUDFWHU
L]DWLRQ RI $6( DV D IXQFWLRQ RI FHOO VL]H UDGLXV
%DVHG RQ RXU LQWHUIHUHQFH PRGHO FRXSOHG ZLWK PDWKHPDWLFDO DQDO\VLV DQG VLPXOD
WLRQ ,W ZDV IRXQG WKDW DW PLFURZDYH FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DV L %6 DQ
WHQQD KHLJKW LQFUHDVHV LL FHOO VL]H UDGLXV UHGXFHV LLL EDVLF SDWK ORVV H[SRQHQW GHFUHDVHV
DQG LY H[WUD SDWK ORVV H[SRQHQW GHFUHDVHV PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV
EHFRPH DFWLYH 7KH\ EHFRPH DFWLYH EHFDXVH WKH EUHDNSRLQW ORFDWLRQ LV IDU IURP WKH WUDQV
PLWWLQJ VRXUFH 7KLV PDNHV RWKHU WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV WR EH LQ WKH VDPH
UHJLRQ DV WKDW RI WKH ILUVW WLHU ZKLFK LV WKH IUHHVSDFH UHJLRQ RI WKH WZRVORSH SDWK ORVV
JUDSK WKDW LV EHIRUH WKH EUHDNSRLQW 8QOLNH FDUULHU IUHTXHQFLHV OHVV WKDQ  *+] ZKHUH
WKH EUHDNSRLQW LV FORVHU WR WKH WUDQVPLWWLQJ VRXUFH KHQFH RQO\ WKH ILUVW WLHU FRFKDQQHO LQ
WHUIHULQJ FHOOV DUH LQ WKH IUHHVSDFH UHJLRQ RI WKH WZRVORSH SDWK ORVV JUDSK 7KH RWKHU WLHU
FRFKDQQHO LQWHUIHULQJ FHOOV DUH LQ WKH UHJLRQ DIWHU WKH EUHDNSRLQW ZKLFK PDNHV WKHP QHJ
OLJLEOH ,QWHUIHUHQFH EHFRPHV QHJOLJLEOH EHFDXVH DIWHU WKH EUHDNSRLQW WKH UHFHLYHG VLJQDO
SRZHU GHFUHDVHV LQ LQYHUVH SURSRUWLRQ WR WKH IRXUWK SRZHU RI GLVWDQFH 2XU DQDO\VLV DQG
VLPXODWLRQ VXSSRUWV WKH FODLP WKDW DV FHOO VL]H UDGLXV UHGXFHV RWKHU WLHU FRFKDQQHO LQWHU
IHUHQFH EHFRPHV DFWLYH 7KH DQDO\VLV VKRZV WKDW WKH LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU
ZLUHOHVV V\VWHP GHSHQGV RQ WKH IUHTXHQF\ RI RSHUDWLRQ ZKLFK LV UHODWHG WR WKH EUHDNSRLQW
GLVWDQFH
7KH UHVXOW IURP WKLV FKDSWHU DOVR VKRZV WKDW WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI

6XPPDU\
FHOOXODU ZLUHOHVV QHWZRUNV LV VHQVLWLYH WR SURSDJDWLRQV\VWHP SDUDPHWHUV +HQFH LW LV LP
SHUDWLYH WR KDYH D SURSHU FKDUDFWHUL]DWLRQ RI WKH SURSDJDWLRQ FRQGLWLRQV WR SODQ DFFXUDWHO\
DQG GHVLJQ D FHOOXODU QHWZRUN ,Q DGGLWLRQ LW LV VKRZQ WKDW IRU KHDY\ YHKLFXODU WUDIILF WKH
HIIHFW RI RWKHU WLHU FRFKDQQHO LQWHUIHULQJ FHOOV RQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI WKH
FHOOXODU ZLUHOHVV QHWZRUN LV OHVV DV FRPSDUH WR OLJKW YHKLFXODU WUDIILF :H WKHUHIRUH FRQ
FOXGH WKDW FRPPXQLFDWLRQ GXULQJ WKH GD\ ZKHQ WUDIILF LV KHDY\ WDNHV DGYDQWDJH RI WKH
IDYRUDEOH SURSDJDWLRQ FRQGLWLRQV WR LQFUHDVH WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ V\VWHP

&KDSWHU 
0LQLPXP &HOO 6L]H IRU ,QIRUPDWLRQ
&DSDFLW\ ,QFUHDVH LQ &HOOXODU :LUHOHVV
1HWZRUN

,QWURGXFWLRQ
 ,QWURGXFWLRQ
7KH PDLQ JRDO RI WKLV WKHVLV LV WR ILQG D PLQLPXP FHOO VL]H IRU LQIRUPDWLRQ FDSDFLW\ LQ
FUHDVH LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7KH PLQLPXP FHOO VL]H LV IRXQG IRU D
FHOOXODU QHWZRUN RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG VPDOOHU
FHOO VL]H UDGLXV OHVV WKDQ  P 7KLV LV D YHU\ FKDOOHQJLQJ SUREOHP GXH WR WKH IDFW WKDW
LW LV GLIILFXOW WR ILQG WKH H[DFW WKHRUHWLFDO OLPLW
,Q WKH SUHYLRXV FKDSWHUV ZH KDYH SURSRVHG D WZR WLHU DQG D PXOWLSOH WLHU FRFKDQQHO
LQWHUIHUHQFH PRGHO 8VLQJ WKH FRQYHQWLRQDO DQG SURSRVHG FRFKDQQHO LQWHUIHUHQFH PRGHO
ZH SURYLGHG LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV RQ D FHOOXODU ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV :H KDYH
VKRZQ WKDW LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV RSHUDWLQJ DW KLJKHU PLFURZDYH
FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG VPDOOHU FHOO VL]H UDGLXV PXOWLSOH WLHUV RI FR
FKDQQHO LQWHUIHUHQFH EHFRPH DFWLYH
,Q WKH SDVW ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV ZHUH UHTXLUHG WR DFFRPPRGDWH D ODUJH
QXPEHU RI YRLFH DQGRU ORZVSHHG GDWD VHUYLFHV 1RZ DV VWDWHG LQ HDUOLHU FKDSWHUV RI WKLV
WKHVLV HPHUJLQJ ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV UHTXLUH ODUJH V\VWHP FDSDFLW\ 7KH\
UHTXLUH ODUJH FDSDFLW\ EHFDXVH RI WKH LQFUHDVH RI PRELOH VXEVFULEHUV DQG WKH LQWURGXF
WLRQ RI PXOWLPHGLD VHUYLFHV E\ QHWZRUN SURYLGHUV ZKLFK UHTXLUH KLJK VSHHG GDWDUDWH >@
7KHUHIRUH WKHUH LV D QHHG WR XWLOL]H WKH OLPLWHG UDGLR VSHFWUXP DYDLODEOH IRU ZLUHOHVV FRP
PXQLFDWLRQ V\VWHPV HIILFLHQWO\ EHFDXVH LW LV UHJXODWHG E\ JRYHUQPHQWV DQG LQWHUQDWLRQDO
DJUHHPHQWV > @
&HOOXODU V\VWHPV KDYH SDUWO\ EHHQ XVHG WR DFKLHYH KLJK VSHFWUXP HIILFLHQF\ E\ H[
SORLWLQJ WKH SRZHU IDOORII ZLWK GLVWDQFH RI VLJQDO SURSDJDWLRQ WR UHXVH WKH VDPH IUHTXHQF\
FKDQQHO DW D VSDWLDOO\ VHSDUDWHG ORFDWLRQ >@ 2WKHU WHFKQLTXHV VXFK DV L FRPELQDWLRQ RI
EDQGZLGWK HIILFLHQW FRGLQJPRGXODWLRQ WHFKQLTXHV DW WKH FRPPXQLFDWLRQ OLQN OHYHO LL WKH
XVH RI VRSKLVWLFDWHG FKDQQHO DOORFDWLRQ VFKHPHV WKDW PLQLPL]H WKH RYHUDOO FDUULHG WUDIILF
DW WKH QHWZRUN RU V\VWHP OHYHOV KDYH DOVR EHHQ HPSOR\HG WR WR LQFUHDVH WKH VSHFWUDO HI
ILFLHQF\ >@ +RZHYHU D KLJK RYHUDOO VSHFWUXP HIILFLHQF\ LV DFKLHYHG DW WKH IUHTXHQF\
SODQQLQJ OHYHO E\ FHOO VL]H UDGLXV UHGXFWLRQ > @ 7KH JURZWK LQ LQIRUPDWLRQ FDSDFLW\
RI ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV KDYH OHG WR FHOO VLWHV EHLQJ LQVWDOOHG LQ HYHULQFUHDVLQJ

,QWURGXFWLRQ
GHQVLWLHV OHDGLQJ WR FHOO VL]H UDGLXV EHFRPLQJ VPDOOHU >@ ,Q FRQYHQWLRQDO FHOOXODU ZLUH
OHVV FRPPXQLFDWLRQ V\VWHP WKH DVVXPSWLRQ RI LQFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ E\ FHOO VL]H
UDGLXV UHGXFWLRQ ZDV EDVHG RQ D ODUJH SDWK ORVV H[SRQHQW >@
+LJKHU FDUULHU IUHTXHQFLHV DUH DOVR HPSOR\HG WR LQFUHDVH WKH GDWD UDWH LQ D ZLUHOHVV
QHWZRUN >@ +RZHYHU DV WKH FDUULHU IUHTXHQF\ LQFUHDVHV ERWK WKH IUHH VSDFH SDWK ORVV
DQG GLIIUDFWLRQ ORVV LQFUHDVHV DFFRUGLQJ WR LQFUHDVH LQ IUHTXHQF\ >@ 7KH LQFUHDVH LQ SDWK
DQG GLIIUDFWLRQ ORVV OHDGV WR D UHGXFWLRQ LQ FHOO VL]H UDGLXV >@ &HOO VL]H UDGLXV UHGXFWLRQ LQ
WKH FHQWHU RI 7RN\R OHG WR DQ LQFUHDVH LQ FRFKDQQHO LQWHUIHUHQFH >@ 7KH GHFUHDVH LQ FHOO
VL]H UDGLXV FDXVHV FRFKDQQHO LQWHUIHUHQFH WR EHFRPH VHYHUH DQG GLIILFXOW WR FRQWURO >@
7KRXJK VPDOOHU FHOO VL]H UDGLXV LQFUHDVHV WKH LQIRUPDWLRQ FDSDFLW\ RI D FHOOXODU ZLUHOHVV
V\VWHP RWKHUFHOO LQWHUIHUHQFH ORZHU LW >@ 7KHUHIRUH IRU FHOOXODU ZLUHOHVV V\VWHPV UH
JDUGOHVV RI WKH FHOO VL]H UDGLXV FRFKDQQHO LQWHUIHUHQFH LV D OLPLWLQJ IDFWRU IRU LQIRUPDWLRQ
FDSDFLW\ LQFUHDVH > @ 5HGXFLQJ FHOO VL]H UDGLXV LQ D FHOOXODU ZLUHOHVV V\VWHP PHDQV
PRUH FHOOV DUH UHTXLUHG ZKLFK LV DOZD\V FRVWO\ >@
,Q JHQHUDO EHFDXVH RI FRFKDQQHO LQWHUIHUHQFH FHOO VL]H UDGLXV FDQQRW EH UHGXFHG
LQGHILQLWHO\ WR DFKLHYH KLJKHU LQIRUPDWLRQ FDSDFLW\ >@ 7KHUHIRUH WKHUH LV D OLPLW WR
FHOO VL]H UHGXFWLRQ ZKLFK LV LQ DJUHHPHQW ZLWK WKH VXJJHVWLRQ E\ =KRX HW DO LQ >@ ,Q
SUHYLRXV UHVHDUFK ZRUNV UDQJHV IRU PD[LPXP DQG PLQLPXP FHOO VL]H UDGLXV DQG WKH IDFW
WKDW VKULQNLQJ FHOO VL]H LQFUHDVH LQIRUPDWLRQ FDSDFLW\ RI FHOOXODU V\VWHP KDYH EHLQJ UH
SRUWHG >±@ +RZHYHU TXDQWLWDWLYHO\ WKHUH LV QR WKHRUHWLFDO OLPLW WR FHOO VL]H UHGXFWLRQ
7KH PDMRULW\ RI WKH UHVHDUFK ZRUN RQ FHOO VL]H UDGLXV UHGXFWLRQ IRU LQIRUPDWLRQ FDSDFLW\
LQFUHDVH ZDV EDVHG RQ WHFKQLFDO JDLQV VXFK DV VSHFWUDO HIILFLHQF\ QHJOHFWLQJ HFRQRPLF
HIILFLHQF\ VXFK DV FRVW 7KH HFRQRPLF HIILFLHQF\ LV DV LPSRUWDQW DV WKH WHFKQLFDO JDLQV
EHFDXVH DV FHOO VL]H UDGLXV UHGXFHV IRU WKH LQIRUPDWLRQ FDSDFLW\ WR EH LQFUHDVHG WKH FRVW
RI WKH FHOOXODU QHWZRUN DOVR LQFUHDVHV
,Q WKLV FKDSWHU XVLQJ WKH SURSRVHG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO IURP WKH SUHYL
RXV FKDSWHUV PDWKHPDWLFDO DQDO\VLV VXSSRUWHG E\ FRPSXWHU VLPXODWLRQ LV XVHG WR ILQG D
WKHRUHWLFDO OLPLW WR FHOO VL]H UHGXFWLRQ LQ FHOOXODU ZLUHOHVV QHWZRUNV &DSDFLW\  FRVW EDVHG
RQ WKH XSOLQN LQIRUPDWLRQ FDSDFLW\ RI 7'0$ EDVHG FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\V
WHP LV XVHG LQ ILQGLQJ WKH WKHRUHWLFDO OLPLW 2XU PDLQ FRQWULEXWLRQ LQ WKLV FKDSWHU LV DV
IROORZV

6\VWHP 0RGHO IRU )LQGLQJ 0LQLPXP &HOO 6L]H 5DGLXV
 ,QIRUPDWLRQ FDSDFLW\  FRVW SHUIRUPDQFH DQDO\VLV LV XVHG WR ILQG D WKHRUHWLFDO OLPLW
WR FHOO VL]H UDGLXV UHGXFWLRQ LQ FHOOXODU ZLUHOHVV QHWZRUN
7KH UHPLQGHU RI WKLV FKDSWHU LV RUJDQL]HG DV IROORZV 7KH V\VWHP PRGHO LV SUHVHQWHG LQ
&KDSWHU  &KDSWHU  SUHVHQWV WKH FRVW HVWLPDWLRQ PRGHO ,Q &KDSWHU  ZH SUHVHQW
WKH DQDO\VLV RI LQIRUPDWLRQ FDSDFLW\FRVW IRU WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
7KH VHWXS IRU QXPHULFDO VLPXODWLRQ LV SUHVHQWHG LQ &KDSWHU  1XPHULFDO UHVXOWV IURP
WKH VLPXODWLRQ DUH WKHQ SUHVHQWHG LQ &KDSWHU  IROORZHG E\ D VXPPDU\ LQ &KDSWHU 
7KH ZRUN SUHVHQWHG LQ WKLV FKDSWHU LV SXEOLVKHG LQ > @
 6\VWHP0RGHO IRU )LQGLQJ0LQLPXP&HOO 6L]H 5DGLXV
:H FRQVLGHU D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQ
FLHV I c >  *+] DQG KDYLQJ VPDOOHU FHOO VL]H UDGLXV P≤ 5≤ 1000P &RFKDQQHO
LQWHUIHUHQFH LV IURP PXOWLSOH WLHUV $ WZRGLPHQVLRQDO KH[DJRQDO QRQVHFWRUL]HG VPDOOHU
FHOO VL]H UDGLXV QHWZRUN DV GHVFULEHG LQ &KDSWHU  DQG GHSLFWHG LQ )LJXUH  LV FRQ
VLGHUHG $OO FHOOV DUH DVVXPHG WR KDYH RPQLGLUHFWLRQDO DQWHQQDV &HOO %60 ZH UHIHU WR
DV WKH UHIHUHQFH FHOO DQG WKHUH DUH QWLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV 1RZ D FHOO M LV
VHUYHG E\ %6j  ZKLFK LV ORFDWHG DW WKH FHOO¶V FHQWHU ZLWK ≤ M≤  IRU ILUVW WLHU FRFKDQQHO
LQWHUIHUHV  ≤ M ≤  IRU VHFRQG WLHU FRFKDQQHO LQWHUIHUHV DQG >Q   ×  @ ≤ M ≤
>Q   ×   Q@ IRU WKH QWK WLHU FRFKDQQHO LQWHUIHUHV ' UHIHU WR )LJXUH  LV WKH
GLVWDQFH EHWZHHQ %60 DQG D ILUVW WLHU %6 $ VHFRQG WLHU %6 LV WKHUHIRUH DW D GLVWDQFH '
IURP %60 $Q QWK WLHU %6 LV ORFDWHG DW GLVWDQFH Q' (DFK FHOO VLWH KDV D VLQJOH XVHU
 0XOWLSOH 7LHU &RFKDQQHO ,QWHUIHUHQFH 0RGHO
7KH FRFKDQQHO LQWHUIHUHQFH PRGHO LV GHVFULEHG LQ &KDSWHU  EXW IRU HDVH RI UHDGLQJ
ZH UHSHDW WKH PDWKHPDWLFDO GHVFULSWLRQ /HW U >P@ GHQRWH WKH GLVWDQFH IURP WKH GHVLUHG
06 WR GHVLUHG %6 J WKH EUHDNSRLQW GLVWDQFH IURP WKH WUDQVPLWWLQJ VRXUFH /HW Q GHQRWH
WKH QWK WLHU 5u WKH UHXVH GLVWDQFH 5in LV WKH QWK LQWHUIHULQJ FHOO VL]H UDGLXV 7KH PXOWLSOH

&RVW (VWLPDWLRQ 6\VWHP 0RGHO
WLHU GHVLUHG 06¶V FDUULHUWRLQWHUIHUHQFH UDWLR LV PDWKHPDWLFDO UHSUHVHQWHG DV
γd(Nn, r) =
r−α(1 + r/g)−ρ
∞∑
i=1
6Nn∑
n=1
(nrin)−α(1 + nrin/g)−ρ
. 
ZKHUH α DQG ρ GHQRWHV WKH EDVLF DQG H[WUD SDWK ORVV H[SRQHQW
 &RVW (VWLPDWLRQ 6\VWHP 0RGHO
7KH FRVW RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP LV D PXOWLGLVFLSOLQDU\ VXEMHFW WKDW
H[WHQGV WR HFRQRPLF DQG EXVLQHVV DVSHFWV 7KH\ H[WHQGV DV ZHOO WR YDULRXV WHFKQLFDO GLV
FLSOLQHV VXFK DV QHWZRUN SODQQLQJ UDGLR UHVRXUFH PDQDJHPHQW DQG SK\VLFDO OD\HU SHUIRU
PDQFH 7KHUHIRUH WKHUH LV D QHHG WR VLPSOLI\ WKH PRGHO XVHG LQ WKLV ZRUN :H FRQVLGHUHG
RQH WHFKQRORJ\ VWUDWHJ\ IRU WKH ZLUHOHVV FRPPXQLFDWLRQ V\VWHP ZKHUH RQH WHFKQRORJ\ LV
XVHG DV IDU DV SRVVLEOH HYHQ IRU VHUYLFH ZKHUH LW LV QRW RSWLPDO
,Q SUDFWLFH WKHUH LV D YHU\ ODUJH QXPEHU RI SRVVLEOH FRQILJXUDWLRQV RI EDVH VWDWLRQV
LQFOXGLQJ GLIIHUHQW DOWHUQDWLYHV IRU VLWHV WUDQVPLVVLRQ HWF ,Q WKH FRVW DQDO\VLV ZH FRQ
VLGHU DQ RPQLGLUHFWLRQDO VPDOOHU FHOO VL]H UDGLXV FHOOXODU EDVH VWDWLRQ ZLWK DQWHQQDV EHORZ
URRIWRS ,Q WKH IROORZLQJ VHFWLRQ ZH GHVFULEH WKH JHQHUDO LQIUDVWUXFWXUH FRVW PRGHO IRU D
VPDOOHU FHOO VL]H UDGLXV FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP 7KH NH\ DVVXPSWLRQV
PDGH LQ WKH LQIUDVWUXFWXUH FRVW DQDO\VLV LQ RXU V\VWHP PRGHO DUH DV IROORZV
 ,QIUDVWUXFWXUH &RVW
:H OLPLW WKH LQIUDVWUXFWXUH FRVW WR WKH UDGLR DFFHVV QHWZRUN DV VKRZQ LQ )LJXUH  &RUH
QHWZRUNV VLJQDOOLQJ SURWRFROV VHUYLFH GHOLYHU\ SODWIRUPV PDUNHWLQJ DQG DGPLQLVWUDWLRQ
FRVWV DUH H[SOLFLWO\ H[FOXGHG 7KH\ DUH H[FOXGHG EHFDXVH RI WKHLU ORZ FRVW LQ FRPSDULVRQ
WR UDGLR DFFHVV LQIUDVWUXFWXUH FRVW :H DOVR H[FOXGHG WKH FRVW RI UDGLR VSHFWUXP DV LW LV WR
D ODUJH H[WHQW GULYHQ E\ DVSHFWV WKDW DUH GLIILFXOW WR PRGHO DQG SUHGLFW DVSHFWV VXFK DV WKH
HQWUDQFH RI D QHZ RSHUDWRU DQG SROLWLFDO HQYLURQPHQW
7R TXDQWLI\ WKH FRVW RI WKH FHOOXODU ZLUHOHVV QHWZRUN ZH DGRSW WKH LQIUDVWUXFWXUH
FRVW PRGHO LQ ZKLFK WKH WRWDO LQIUDVWUXFWXUH FRVW LV PRGHOOHG OLQHDUO\ SURSRUWLRQDO WR WKH

&RVW (VWLPDWLRQ 6\VWHP 0RGHO
)LJXUH  ,QIUDVWUXFWXUH FRVW PRGHO IRU ILQGLQJ PLQLPXP FHOO VL]H UDGLXV
QXPEHU RI %6 DQG LV JLYHQ E\ >@
TC = BSCNBS 
ZKHUH 1BS LV WKH QXPEHU RI %6V¶ %6C LV D FRQVWDQW ZKLFK FRUUHVSRQGV WR WKH FRVW SHU
%6 :H DVVXPHG %6C WR EH WKH VDPH IRU DOO %6 DQG LW LV LQGHSHQGHQW RI WKH %6 FKDU
DFWHULVWLFV ZKLFK LV QRW WKH FDVH LQ SUDFWLFDO V\VWHP ,Q D SUDFWLFDO V\VWHP D QXPEHU RI
GLIIHUHQW %6 W\SHV FDQ EH XVHG IRU GLIIHUHQW GHSOR\PHQW VFHQDULRV $V D FRQVHTXHQFH WKH
FRVW VWUXFWXUH RI D UDGLR DFFHVV QHWZRUN LV GHSHQGHQW RQ WKH V\VWHP FRQILJXUDWLRQ )RU WKH
FRVW VWUXFWXUH ZH WRRN LQWR DFFRXQW ERWK WKH FDSLWDO H[SHQGLWXUH &$3(; DQG RSHUDWLRQ
H[SHQGLWXUH 23(; 7KH FRVW GULYHUV ZLWK UHVSHFW WR &$3(; DQG 23(; IRU WKH UDGLR
DFFHVV QHWZRUN DUH VXPPDUL]HG LQ 7DEOH  ,Q WKH LQIUDVWUXFWXUH FRVW PRGHO GLVFRXQW UDWH
DQG WUDQVPLVVLRQ SULFHV \HDUO\ HURVLRQ DUH QHJOHFWHG %DVH VWDWLRQ &$3(; LV HVWLPDWHG WR
EH  SHU XQLW FRVW  $ HWF DQG 23(; WR EH  SHU XQLW FRVW  $ HWF
1RZ WKH WRWDO FRVW SHU %6 %6C LV JLYHQ E\
BSC = CAPEX +OPEX 

,QIRUPDWLRQ &DSDFLW\&RVW 3HUIRUPDQFH $QDO\VLV
&$3(; 23(;
%DVH VWDWLRQ HTXLSPHQW (OHFWULF SRZHU
%DVH VWDWLRQ VLWH LQVWDOODWLRQ 2SHUDWLRQ DQG PDLQWHQDQFH
6LWH EXLOGRXW ρ 6LWH OHDVH
%DFNKDXO WUDQVPLVVLRQ HTXLSPHQW %DFNKDXO WUDQVPLVVLRQ OHDVH
5DGLR QHWZRUN FRQWUROOHU HTXLSPHQW
7DEOH  %DVLF FRVW GULYHUV IRU UDGLR DFFHVV QHWZRUN
ZKHUH &$3(; LV WKH FDSLWDO H[SHQGLWXUH DQG 23(; LV WKH RSHUDWLRQ H[SHQGLWXUH 1RWH
WKDW WKH QHWZRUN EHLQJ FRQVLGHUHG FDQ HLWKHU EH FRYHUDJH RU FDSDFLW\ OLPLWHG 7KH QXPEHU
RI %6 UHTXLUHG SHU VTXDUH NLORPHWHU LV GLPHQVLRQHG E\
NBS =
1
πR2

ZKHUH5 LV WKH FHOO UDGLXV :H DOVR DVVXPH D FRQWLQXRXV VHUYLFH DUHD )URP HTXDWLRQ  
DQG  WKH WRWDO LQIUDVWUXFWXUH FRVW 7C LV H[SUHVVHG DV D IXQFWLRQ RI FHOO VL]H UDGLXV 5
DQG LW LV ZULWWHQ DV
TC =
1
πR2
(CAPEX +OPEX) 
7KH XQLW FRVW SHU NP2 RI D FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHP DV D IXQFWLRQ RI FHOO
VL]H UDGLXV XVLQJ WKH OLQHDU FRVW PRGHO LQ HTXDWLRQ  LV LOOXVWUDWHG LQ )LJXUH  7KH
OLQHDU FRVW PRGHO VKRZV WKDW DV FHOO VL]H UDGLXV UHGXFHV WKH XQLW FRVW SHU NP2 LQFUHDVHV LQ
SURSRUWLRQDO WR 52
 ,QIRUPDWLRQ &DSDFLW\&RVW 3HUIRUPDQFH $QDO\VLV
7KH LQIRUPDWLRQ FDSDFLW\ PRGHO GHVFULEHG LQ &KDSWHU  IRU PXOWLSOH WLHU FRFKDQQHO
LQWHUIHUHQFH DQG WKH FRVW PRGHO SUHVHQWHG LQ &KDSWHU  DUH XVHG WR IRUPXODWH D PX
WXDO LQIRUPDWLRQ FDSDFLW\  FHOO VL]H UDGLXV  FRVW UHODWLRQVKLS 7KH UHODWLRQVKLS LV XVHG WR
ILQG WKH PLQLPXP FHOO VL]H UDGLXV IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ D FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHP
7KH IRUPXODWHG UHODWLRQVKLS LV JLYHQ E\ WKH UDWLR RI$6( IRU PXOWLSOH WLHU FRFKDQQHO

,QIRUPDWLRQ &DSDFLW\&RVW 3HUIRUPDQFH $QDO\VLV
)LJXUH  &HOOXODU V\VWHP XQLW FRVW SHU NP2 YHUVXV FHOO UDGLXV 5
LQWHUIHUHQFH WR WKH WRWDO LQIUDVWUXFWXUH FRVW 7C  7KHUHIRUH WKH UDWLR RI $6( DQG 7C  $Ratio
LV ZULWWHQ DV
ARatio =
⟨Ae(r,NJ)⟩
TC
=
4
piR2uR
2
∫ R
R0
log2(1 + γ)pγ(r) dr
1
piR2
(CAPEX +OPEX)

ZKHUH 5 LV WKH FHOO VL]H UDGLXV 5u LV WKH QRUPDOL]HG UHXVH GLVWDQFH DQG 50 FRUUHVSRQGV WR
WKH FORVHVW GLVWDQFH D 06 FDQ EH IURP D %6 DQWHQQD γ UHSUHVHQWV WKH GHVLUHG 06 FDUULHU
WRLQWHUIHUHQFH UDWLR&,5 7KH GLVWULEXWLRQ RI WKH XVHU¶V&,5 LV GHVFULEHG E\ WKH SUREDELOLW\
GHQVLW\ IXQFWLRQ 3') Sγ(r) DV LQ VXEVHFWLRQ 
6LPSOLI\LQJ HTXDWLRQ  ZH UHZULWH $Ratio DV IROORZV
ARatio =
4
R2u(CAPEX +OPEX)
∫ R
R0
log2(1 + γ)pγ(r) dr 
1RWH WKDW $Ratio JLYHQ LQ HTXDWLRQ  LV IRU RPQLGLUHFWLRQDO VPDOO FHOO VL]H UDGLXV
GHSOR\PHQW DQG LQWHUIHUHQFH OLPLWHG FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ HQYLURQPHQW

,QIRUPDWLRQ &DSDFLW\&RVW 3HUIRUPDQFH $QDO\VLV
)LJXUH  ,QWHJUDWHG VLPXODWLRQ HQYLURQPHQW IRU LQIRUPDWLRQ FDSDFLW\FRVW

,QIRUPDWLRQ &DSDFLW\&RVW 3HUIRUPDQFH $QDO\VLV
)LJXUH  )ORZ FKDUW IRU LQIRUPDWLRQ FDSDFLW\FRVW VLPXODWLRQV

1XPHULFDO 6LPXODWLRQV IRU ,QIRUPDWLRQ &DSDFLW\&RVW
 1XPHULFDO 6LPXODWLRQV IRU ,QIRUPDWLRQ&DSDFLW\&RVW
)URP HTXDWLRQ  EHFDXVH 06 DUH UDQGRPO\ ORFDWHG ⟨ $Ratio⟩ LV PDWKHPDWLFDOO\ LQ
WUDFWDEOH WR H[SOLFLWO\ VROYH DQDO\WLFDOO\ 7KHUHIRUH ZH XVHG 0RQWH &DUOR VLPXODWLRQ WR
HVWLPDWH LW )LJXUH  LOOXVWUDWHV WKH LQWHJUDWHG VLPXODWLRQ HQYLURQPHQW IRU WKH LQIRUPD
WLRQ FDSDFLW\FRVW PRGHO
 1XPHULFDO 6LPXODWLRQV 6HWXS
7KH VLPXODWLRQ UHVXOW DUH DLPHG DW ILQGLQJ D PLQLPXP FHOO VL]H UDGLXV IRU LQIRUPDWLRQ
FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV ZKHQ PXOWLSOH WLHU RI FR
FKDQQHO LQWHUIHUHQFH DUH DFWLYH 7KH VLPXODWLRQ VHWXS IROORZV WKH VHWXS GHVFULEHG LQ &KDS
WHU  )LJXUH  VKRZV DQ LQWHJUDWHG VLPXODWLRQ HQYLURQPHQW IRU LQIRUPDWLRQ FDSDF
LW\FRVW DQDO\VLV DQG )LJXUH  VKRZV D IORZ FKDUW IRU WKH VLPXODWLRQ VHWXS ,Q WKH VLPX
ODWLRQ WKH GHVLUHG DQG LQWHUIHULQJ XVHUV¶ SRVLWLRQV DUH DVVXPHG WR EH XQLIRUPO\ GLVWULEXWHG
DV GHVFULEHG LQ &KDSWHU  E\ HTXDWLRQ  1RZ RQH VWHS LV DGGHG WKH DOJRULWKP GH
VFULEHG LQ &KDSWHU  DV IROORZV WR LQFRUSRUDWH WKH WRWDO LQIUDVWUXFWXUH FRVW 7C  WR FDOFXODWH
WKH $6( WR FRVW UDWLR $Ratio 7KH $6( DQG &RVWtotal UDWLR IRU WKH FHOOXODU ZLUHOHVV V\VWHP
LV WKHQ FDOFXODWHG E\
⟨ARatio⟩ = 4
R2u(CAPEX +OPEX)
ORJ2(1 + γd). 
:H WKHQ UHSHDW WKH SURFHGXUH   WLPHV DIWHU ORFDWLQJ WKH GHVLUHG XVHU SRVLWLRQ 7KH
YDOXHV RI ⟨Ae⟩ DQG ⟨ARatio⟩ ZHUH WKHQ HVWLPDWHG E\ WDNLQJ WKH DYHUDJH RI DOO WKH REVHUYD
WLRQV RI DQG $Ratio DV JLYHQ E\ HTXDWLRQ  7R HQVXUH FRQVLVWHQFHV ZH KDYH XVHG WKH
VDPH V\VWHP SDUDPHWHUV DV XVHG LQ SUHYLRXV VLPXODWLRQV 1RWH WKDW ZH FRQVLGHUHG RQO\
WHQ WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV DV VXFFHVVLYH QXPHULFDO UXQV ZLWK DQ LQFUHDVLQJ
QXPEHU RI WLHUV EH\RQG WHQ KDG QR HIIHFW RQ WKH DFFXUDF\ RI RXU VLPXODWLRQ UHVXOWV
 1XPHULFDO 5HVXOWV
,Q WKLV VHFWLRQ ZH SUHVHQW VLPXODWLRQ UHVXOWV IRU WKH SHUIRUPDQFH FRPSDULVRQ RI WKH LQIRU
PDWLRQ FDSDFLW\FRVW UDWLR ⟨ARatio⟩ 7KH LQIRUPDWLRQ FDSDFLW\FRVW SHUIRUPDQFH FRPSDUL

1XPHULFDO 5HVXOWV
VRQ LV EHWZHHQ FHOOXODU V\VWHPV XVLQJ RXU SURSRVHG LQWHUIHUHQFHPRGHO DQG WKRVH XVLQJ WKH
FRQYHQWLRQDO LQWHUIHUHQFH PRGHO 2XU LQIRUPDWLRQ FDSDFLW\ UHVXOWV DUH DQ H[WHQVLRQ RI WKH
DQDO\VLV E\ >@ ,Q RWKHU WR IDFLOLWDWH WKH XQGHUVWDQGLQJ RI WKH LQIRUPDWLRQ FDSDFLW\FRVW
UDWLR ⟨ARatio⟩ D UHYLHZ RI WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH IRU 7'0$ FHOOXODU ZLUH
OHVV FRPPXQLFDWLRQ V\VWHPV RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H
UDGLXV LQ &KDSWHU  LV QHFHVVDU\
 ,QIRUPDWLRQ &DSDFLW\&RVW 5DWLR 1XPHULFDO 5HVXOWV
,Q )LJXUHV    ZH SUHVHQW FXUYHV RI WKH UDWLR RI DUHD VSHFWUDO HIILFLHQF\ $6( WR WRWDO
LQIUDVWUXFWXUH FRVW 7C  $Ratio YHUVXV FHOO VL]H UDGLXV 5 DW D GHVLUHG06 IRU WKH FRQYHQWLRQDO
DQG SURSRVHG LQWHUIHUHQFH PRGHO 7KHVH ILJXUHV VKRZ WKDW WKH LQIRUPDWLRQ FDSDFLW\ SHU
XQLW FRVW  $ HWF IRU D JLYHQ FHOOXODU ZLUHOHVV QHWZRUN WHQGV WR LQFUHDVH DV WKH FHOO VL]H
UDGLXV UHGXFHV 7KH UHDVRQ IRU WKLV LV WKDW DV FHOO UDGLXV GHFUHDVHV PRUH FHOOV %6 DUH
UHTXLUHG LQ WKH QHWZRUN
)LJXUH  VKRZV WKDW IRU I c  0+] WKH PXOWLSOH WLHU LQWHUIHUHQFH PRGHO LQFXUV
D ORVV RI EHWZHHQ     WKDW LV FHOO UDGLXV    NP LQ LQIRUPDWLRQ FDSDFLW\
SHU XQLW FRVW  $ HWF DV FRPSDUHG WR WKH VLQJOH WLHU LQWHUIHUHQFH PRGHO 7KLV GHFUHDVH
LQ LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW LV GXH WR LQWHUIHUHQFH IURP RWKHU WLHUV RI FRFKDQQHO
FHOOV
)RU I c   *+] )LJXUH  VKRZV WKDW PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH FDXVHV
D ORVV RI EHWZHHQ     LQ WKH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW  $ HWF DV
FRPSDUHG WR WKH VLQJOH WLHU :KHQ I c   *+] )LJXUH  WKH LQIRUPDWLRQ FDSDFLW\
SHU XQLW FRVW  $ HWF ORVV LQFXUUHG EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV LV EHWZHHQ 
   )RU I c   *+] )LJXUH  VKRZV WKDW WKH ORVV LQFXUUHG LQ LQIRUPDWLRQ
FDSDFLW\ SHU XQLW FRVW  $ HWF EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV LV EHWZHHQ  
  )LQDOO\ IRU I c   *+] )LJXUH  WKH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ SHU
XQLW FRVW  $ HWF EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV LV EHWZHHQ    
7KH UHVXOWV VKRZ WKDW ZKHQ WKH FDUULHU IUHTXHQF\ LQFUHDVHV WKH ORVV LQFXUUHG LQ
LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW  $ HWF EHWZHHQ WKH WZR LQWHUIHUHQFH PRGHOV DOVR
LQFUHDVHV $V DQ H[DPSOH IRU FDUULHU IUHTXHQF\ I c   0+] DW FHOO VL]H UDGLXV

1XPHULFDO 5HVXOWV
)LJXUH  &RVW FRPSDULVRQ EHWZHHQ WKH DYHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ $6( IRU
VLQJOH DQG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW FHOO UDGLXV 5 &DUULHU
IUHTXHQF\ I c   0+] VHUYLFH DUHD $serve   NP2 FDSLWDO FRVW &$3(;   SHU
XQLW FRVW  $ HWF DQG RSHUDWLRQ FRVW 23(;   SHU XQLW FRVW  $ HWF
 &RQYHQWLRQDO LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU VLQJOH WLHU PRGHO
 3URSRVHG LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU PXOWLSOH WLHU PRGHO

1XPHULFDO 5HVXOWV
)LJXUH  &RVW FRPSDULVRQ EHWZHHQ WKH DYHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ $6( IRU
VLQJOH DQG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW FHOO UDGLXV 5 &DUULHU
IUHTXHQF\ I c   *+] VHUYLFH DUHD $serve   NP2 FDSLWDO FRVW &$3(;   SHU
XQLW FRVW  $ HWF DQG RSHUDWLRQ FRVW 23(;   SHU XQLW FRVW  $ HWF
 &RQYHQWLRQDO LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU VLQJOH WLHU PRGHO
 3URSRVHG LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU PXOWLSOH WLHU PRGHO

1XPHULFDO 5HVXOWV
)LJXUH  &RVW FRPSDULVRQ EHWZHHQ WKH DYHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ $6( IRU
VLQJOH DQG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW FHOO UDGLXV 5 &DUULHU
IUHTXHQF\ I c   *+] VHUYLFH DUHD $serve   NP2 FDSLWDO FRVW &$3(;   SHU
XQLW FRVW  $ HWF DQG RSHUDWLRQ FRVW 23(;   SHU XQLW FRVW  $ HWF
 &RQYHQWLRQDO LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU VLQJOH WLHU PRGHO
 3URSRVHG LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU PXOWLSOH WLHU PRGHO

1XPHULFDO 5HVXOWV
)LJXUH  &RVW FRPSDULVRQ EHWZHHQ WKH DYHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ $6( IRU
VLQJOH DQG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW FHOO UDGLXV 5 &DUULHU
IUHTXHQF\ I c   *+] VHUYLFH DUHD $serve   NP2 FDSLWDO FRVW &$3(;   SHU
XQLW FRVW  $ HWF DQG RSHUDWLRQ FRVW 23(;   SHU XQLW FRVW  $ HWF
 &RQYHQWLRQDO LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU VLQJOH WLHU PRGHO
 3URSRVHG LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU PXOWLSOH WLHU PRGHO

1XPHULFDO 5HVXOWV
)LJXUH  &RVW FRPSDULVRQ EHWZHHQ WKH DYHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ $6( IRU
VLQJOH DQG PXOWLSOH WLHU FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW FHOO UDGLXV 5 &DUULHU
IUHTXHQF\ I c   *+] VHUYLFH DUHD $serve   NP2 FDSLWDO FRVW &$3(;  
SHU XQLW FRVW  $ HWF DQG RSHUDWLRQ FRVW 23(;   SHU XQLW FRVW  $ HWF
 &RQYHQWLRQDO LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU VLQJOH WLHU PRGHO
 3URSRVHG LQWHUIHUHUV PRGHO $6( SHU XQLW FRVW IRU PXOWLSOH WLHU PRGHO

1XPHULFDO 5HVXOWV
5   P WKH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW LV  × −6 DQG  × −6
>%LWVVHF+]XQLW FRVW@ IRU WKH VLQJOH DQG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO 7KLV LV UHSUH
VHQWHG RQ )LJXUH  E\ WKH SRLQWV $ DQG ( )RU I c   *+] DW FHOO VL]H UDGLXV 5  
P WKH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW LV × −6 DQG × −6 >%LWVVHF+]XQLW
FRVW@ IRU WKH VLQJOH DQG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO 7KLV LV DOVR UHSUHVHQWHG RQ )LJ
XUH  E\ WKH SRLQWV $ DQG ( )LQDOO\ ZKHQ I c   *+] DW FHOO VL]H UDGLXV 5  P
WKH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW LV × −6 DQG  × −6 >%LWVVHF+]XQLW
FRVW@ IRU WKH VLQJOH DQG PXOWLSOH WLHU LQWHUIHUHQFH PRGHO
7KH UHVXOWV DOVR VKRZ WKDW DV FHOO VL]H UDGLXV 5 UHGXFHV WKH FHOO VL]H UDGLXV 5 UH
TXLUHG WR DFKLHYH WKH VDPH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW IRU ERWK LQWHUIHUHQFHPRGHOV
WHQGV WR LQFUHDVH IRU WKH PXOWLSOH WLHU LQWHUIHUHQFH PRGHO )RU H[DPSOH IRU I c   0+]
WKH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW >%LWVVHF+]XQLW FRVW@ DW 5   P IRU WKH VLQJOH
WLHU LQWHUIHUHQFH PRGHO HTXDOV WKDW DW  P IRU WKH PXOWLSOH WLHU LQWHUIHUHQFH PRGHO 7KLV
LV UHSUHVHQWHG LQ )LJXUH  E\ WKH SRLQWV & DQG ' :KHQ FDUULHU IUHTXHQF\ I c  
*+] WKH LQIRUPDWLRQ FDSDFLW\ SHU XQLW FRVW >%LWVVHF+]XQLW FRVW@ DW FHOO VL]H UDGLXV 5
  P IRU WKH VLQJOH WLHU LQWHUIHUHQFH PRGHO HTXDOV WKDW DW FHOO VL]H UDGLXV 5   P
IRU WKH PXOWLSOH WLHU LQWHUIHUHQFH PRGHO )RU FDUULHU IUHTXHQF\ I c   *+] WKH LQIRU
PDWLRQ FDSDFLW\ SHU XQLW FRVW >%LWVVHF+]XQLW FRVW@ DW FHOO VL]H UDGLXV 5   P IRU WKH
VLQJOH WLHU LQWHUIHUHQFH PRGHO HTXDOV WKDW DW FHOO VL]H UDGLXV 5   P IRU WKH PXOWLSOH WLHU
LQWHUIHUHQFH PRGHO
7KHVH UHVXOWV VKRZ WKDW DW KLJKHU FDUULHU IUHTXHQFLHV ZKHQPXOWLSOH WLHU FRFKDQQHO
LQWHUIHUHQFH EHFRPHV DFWLYH WKHUH LV D OLPLW WR FHOO VL]H UDGLXV UHGXFWLRQ 7KHUH LV D OLPLW
EHFDXVH WKH LQIRUPDWLRQ FDSDFLW\ JDLQ DW D VPDOOHU FHOO VL]H UDGLXV ZLOO QRW EH FRPPHQ
VXUDWH WR WKH FRVW LQYHVWHG LQ REWDLQLQJ WKDW LQIRUPDWLRQ FDSDFLW\ JDLQ 7KH UHVXOWV DOVR
LQGLFDWH WKDW WKH WKHRUHWLFDO OLPLW WR FHOO VL]H UDGLXV UHGXFWLRQ LQ FHOOXODU V\VWHPV GHSHQGV
RQ WKH FDUULHU IUHTXHQF\
)LJXUH  VKRZV D JUDSK RI FRVW SHU LQIRUPDWLRQ FDSDFLW\ YHUVXV FHOO VL]H UDGLXV
5 IRU ERWK LQWHUIHUHQFH PRGHO DW FDUULHU IUHTXHQF\ I c   *+] 7KH FXUYHV LQGLFDWH
WKDW EHWZHHQ  WR  NP WKH FRVW SHU LQIRUPDWLRQ FDSDFLW\ IRU ERWK LQWHUIHUHQFH PRGHO
UHPDLQV DOPRVW WKH VDPH +RZHYHU IRU 5≤  NP WKHUH WHQG WR EH DQ LQFUHDVH LQ WKH FRVW
SHU LQIRUPDWLRQ FDSDFLW\ IRU WKH PXOWLSOH WLHU LQWHUIHUHQFH PRGHO 7KLV LPSOLHV WKDW

1XPHULFDO 5HVXOWV
)LJXUH  &RVW SHU LQIRUPDWLRQ FDSDFLW\ FRPSDULVRQ EHWZHHQ VLQJOH DQG PXOWLSOH WLHU
FRFKDQQHO LQWHUIHUHQFH PRGHO IRU GLIIHUHQW FHOO UDGLXV5 &DUULHU IUHTXHQF\ I c   *+]
VHUYLFH DUHD $serve   NP2 FDSLWDO FRVW &$3(;   SHU XQLW FRVW  $ HWF DQG
RSHUDWLRQ FRVW 23(;   SHU XQLW FRVW  $ HWF
 &RQYHQWLRQDO LQWHUIHUHUV PRGHO FRVW SHU LQIRUPDWLRQ FDSDFLW\ IRU VLQJOH WLHU PRGHO
 3URSRVHG LQWHUIHUHUV PRGHO FRVW SHU LQIRUPDWLRQ FDSDFLW\ IRU PXOWLSOH WLHU PRGHO

:LUHOHVV 1HWZRUN
WKH WKHRUHWLFDO OLPLW IRU FHOO VL]H UDGLXV UHGXFWLRQ UDQJHV EHWZHHQ  WR  NP IRU I c  
 *+]
 :LUHOHVV 1HWZRUN
7KH ZLUHOHVV SRVVLEOH IXWXUH GHYHORSPHQW GLUHFWLRQ LV WR SURYLGH D EURDGHU UDQJH RI ZLUH
OHVV SURGXFW KLJKHU GDWD UDWHV DQG TXDOLW\ 7KH SUHYLRXV FKDSWHUV VKRZ WKDW IRU FHOOXODU
ZLUHOHVV V\VWHPV DV FDUULHU IUHTXHQFLHV LQFUHDVHV DQG FHOO VL]H UDGLXV GHFUHDVHV RWKHU WLHU
FRFKDQQHO LQWHUIHUHQFH EHFRPHV DFWLYH 7KLV OHDGV WR D GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDF
LW\ SHUIRUPDQFH RI WKH ZLUHOHVV V\VWHP :H QRZ FRQVLGHU FXUUHQW GHYHORSPHQW LQ FHOOXODU
PRELOH FRPPXQLFDWLRQ WHFKQRORJLHV DQG UHODWH LW WR RXU ZRUN :H EHJLQ WKLV VHFWLRQ E\
RXWOLQLQJ VRPH RI WKH FXUUHQW GHYHORSHG FHOOXODU PRELOH FRPPXQLFDWLRQ WHFKQRORJLHV :H
WKHQ H[DPLQH WKH IUHTXHQF\ UHXVH VWUDWHJ\ EH HPSOR\HG E\ WKLV FXUUHQW QHWZRUNV
:H FRQFOXGH WKLV VHFWLRQZLWK D EULHI HODERUDWLRQ DQG FRPPHQW RQ KRZ RXU UHVHDUFK
ZRUN FDQ EH DSSOLHG WR WKLV FXUUHQW GHYHORSHG FHOOXODU PRELOH FRPPXQLFDWLRQ WHFKQROR
JLHV
 &XUUHQW &HOOXODU 0RELOH &RPPXQLFDWLRQ 7HFKQRORJLHV
,Q WKLV VHFWLRQ WKH FXUUHQW GHYHORSHG FHOOXODU WHFKQRORJLHV DUH GHVFULEHG 0RUH GHWDLOV RQ
WKHVH GHYHORSHG WHFKQRORJLHV FDQ EH IRXQG LQ >±@ DQG WKH UHIHUHQFH WKHUHLQ
/RQJ 7HUP (YROXWLRQ /7(
7KH ORQJ WHUP HYROXWLRQ /7( DV GHILQHG E\ WKH UG*HQHUDWLRQ 3DUWQHUVKLS 3URMHFW *33
LV D KLJKO\ IOH[LEOH UDGLR LQWHUIDFH ZKLFK XVHV 2UWKRJRQDO )UHTXHQF\ 'LYLVLRQ 0XOWLSOH[
LQJ 2)'0 ZLUHOHVV EURDGEDQG WHFKQRORJ\ /7( RIIHUV L KLJK VSHFWUDO HIILFLHQF\ LL
ORZ ODWHQF\ DQG LLL KLJK SHDN GDWD UDWHV /7( OHYHUDJHV WKH HFRQRPLHV RI VFDOH RI * DV
ZHOO DV WKH HFRV\VWHP RI LQIUDVWUXFWXUH WR SURYLGH WKH KLJKHVW LQIRUPDWLRQ FDSDFLW\ SHUIRU
PDQFH LQ D FRVW HIIHFWLYH PDQQHU /7( VXSSRUWV PRUH DGYDQFHG PXOWL  DQWHQQD VFKHPHV
/7( DOVR VXSSRUWV ERWK )UHTXHQF\ 'LYLVLRQ 'XSOH[ )'' DQG 7LPH 'LYLVLRQ 'XSOH[
7'' 7KH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH WDUJHWV IRU ERWK /7( GRZQOLQN DQG XSOLQN

:LUHOHVV 1HWZRUN
KDYH EHHQ WDEXODWHG LQ >@
/RQJ 7HUP (YROXWLRQ  $GYDQFHG /7(  $GYDQFHG
&RPSDULQJ WKH V\VWHP SHUIRUPDQFH RI * DQG LWV HYROXWLRQ WR /7( /7( GRHV QRW RIIHU
DQ\WKLQJ XQLTXH WR LPSURYH VSHFWUDO HIILFLHQF\ WKDW LV WKH ESV+] >@ ,Q RUGHU WR HQKDQFH
WKH RYHUDOO V\VWHP SHUIRUPDQFH RI WKH QHWZRUN /7(  $GYDQFHG WKDW LV /7( 5HOHDVH
 SURSRVHG WKH XVH RI DGYDQFHG WHFKQRORJLHV >@ ,Q RWKHU ZRUGV /7(  $GYDQFHG
QHHGV WR SURYLGH D XQLIRUP XVHU H[SHULHQFH WR XVHUV DQ\ZKHUH LQVLGH D FHOO E\ FKDQJLQJ
WKH WRSRORJ\ RI WKH FRQYHQWLRQDO QHWZRUNV 7KLV LV DFKLHYH E\ VKULQNLQJ FHOOV VL]H UDGLXV
E\ GHSOR\PHQW RI D GLYHUVH VHW RI EDVH VWDWLRQ VXFK DV 0DFURFHOO 0LFURFHOO )HPWRFHOO
3LFRFHOO DQG 5HOD\V 7KLV NH\ DVSHFW RI WKH /7( $GYDQFHG GHSOR\PHQW VWUDWHJ\ LV WHUPHG
KHWHURJHQHRXV QHWZRUNV 7KH UHVHDUFK TXHVWLRQ LQ WKLV WKHVLV KDV EHHQ  DW KLJKHU FDUULHU
IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV GRHV RWKHU WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPH
DFWLYH" ,Q WKH SURFHHGLQJ VHFWLRQV DQ HODERUDWLRQ RQ WKH UHOHYDQF\ RI WKH UHVHDUFK TXHVWLRQ
WR FXUUHQWODWHVW GHYHORSPHQW LQ FHOOXODU PRELOH FRPPXQLFDWLRQV DUH SUHVHQWHG :H DOVR
JLYH D EULHI DQDO\VLV DQG GHVFULSWLRQ RQ KRZ RXU UHVHDUFK ZRUN FRXOG EH DSSOLHG WR WKLV
FXUUHQWODWHVW GHYHORSPHQW LQ FHOOXODU PRELOH FRPPXQLFDWLRQV
 +HWHURJHQHRXV 1HWZRUNV
,Q WKLV VHFWLRQ ZH JLYH D EULHI GHVFULSWLRQ RI L FRQYHQWLRQDO FHOOXODU ZLUHOHVV QHWZRUNV
VLWH OD\RXW GHSOR\PHQW KRPRJHQHRXV QHWZRUNV DQG LL WKH DOWHUQDWLYH DQG FXUUHQW FHO
OXODU ZLUHOHVV QHWZRUNV VLWH OD\RXW DSSURDFK KHWHURJHQHRXV QHWZRUNV
+RPRJHQHRXV 1HWZRUNV 'HSOR\PHQW
,Q WKH SUHYLRXV FKDSWHUV LW KDV EHHQ UHSRUWHG WKDW FRQYHQWLRQDO FHOOXODU ZLUHOHVV QHWZRUNV
DUH GHSOR\HG DV KRPRJHQHRXV QHWZRUNV E\ XVLQJ PLFURFHQWULF SODQQHG SURFHVV $V GH
VFULEHG HDUOLHU LQ WKH WKHVLV KRPRJHQHRXV FHOOXODU V\VWHP LV D QHWZRUN RI EDVH VWDWLRQV LQ D
SODQQHG OD\RXW DQG FROOHFWLRQ RI XVHU WHUPLQDO LQ ZKLFK DOO WKH EDVH VWDWLRQV KDYH WUDQVPLW
SRZHU OHYHOV DQG UHFHLYHU QRLVH IORRUV )RU WKH FRQYHQWLRQDO FHOOXODU ZLUHOHVV QHWZRUNV
DOO EDVH VWDWLRQV RIIHU XQUHVWULFWHG DVVHV WR XVHU WHUPLQDOV LQ WKH QHWZRUN DQG VHUYH DS

:LUHOHVV 1HWZRUN
SUR[LPDWHO\ WKH VDPH QXPEHU RI XVHU WHUPLQDOV DOO RI ZKLFK FDUULHV VLPLODU GDWD IORZ ZLWK
VLPLODU 4R6 UHTXLUHPHQWV
,Q KRPRJHQHRXV FHOOXODU V\VWHP WKH ORFDWLRQ RI EDVH VWDWLRQV DUH FDUHIXOO\ FKR
VHQ E\ QHWZRUN SODQQLQJ DQG WKH VHWWLQJV RI WKH EDVH VWDWLRQV DUH SURSHUO\ FRQILJXUHG WR
HQVXUH PD[LPL]DWLRQ RI FRYHUDJH DQG WKH FRQWURO RI LQWHUIHUHQFH EHWZHHQ EDVH VWDWLRQV
)RU WKH FRQYHQWLRQDO FHOOXODU QHWZRUNV DV WUDIILF GHPDQG LQFUHDVHV DQG WKH 5) HQYLURQ
PHQWV FKDQJHV DV VWDWHG HDUOLHU LQ SUHYLRXV FKDSWHUV FHOO VSOLWWLQJ RU DGGLWLRQDO FDUULHUV
DUH HPSOR\HG WR RYHUFRPH FDSDFLW\ DQG OLQN EXGJHW OLPLWDWLRQV WR PDLQWDLQ XQLIRUP XVHU
H[SHULHQFH &XUUHQWO\ ZLWK WKH GHQVH SRSXODWLRQ LQ XUEDQ DUHDV VLWH DFTXLVLWLRQ IRU FRQ
YHQWLRQDO EDVH VWDWLRQ ZLWK ELJ WRZHUV DUH EHFRPLQJ PRUH GLIILFXOW 7KHUHIRUH WKHUH ZDV
D QHHG IRU QHZ VLWH OD\RXW GHSOR\PHQW PRGHO ZKLFK OHG WR GHSOR\PHQW RI KHWHURJHQHRXV
QHWZRUNV
+HWHURJHQHRXV 1HWZRUNV 'HSOR\PHQW
+HWHURJHQHRXV QHWZRUN LV D QHWZRUN FRQVLVWLQJ RI LQIUDVWUXFWXUH SRLQWV ZLWK YDULRXV ZLUH
OHVV DFFHVV WHFKQRORJLHV HDFK RI WKHP KDYLQJ GLIIHUHQW FDSDELOLWLHV FRQVWUDLQWV DQG RSHU
DWLQJ IXQFWLRQDOLWLHV >@ %DVLFDOO\ LQ KHWHURJHQHRXV QHWZRUNV ORZSRZHU EDVH VWDWLRQV
DUH GLVWULEXWHG WKURXJKRXW PDFURFHOO QHWZRUNV 7KHVH ORZSRZHU EDVH VWDWLRQV FDQ EH
PLFUR SLFR KRPH IHPWRFHOOV UHOD\V DQG GLVWULEXWHG DQWHQQD V\VWHPV >@ 7KH ORZ
SRZHU EDVH VWDWLRQV DUH GHSOR\HG WR JHW ULG RI FRYHUDJH KROHV LQ WKH PDFURFHOORQO\ V\VWHP
DQG LPSURYH FDSDFLW\ LQ KRWVSRWV >@ :KLOH WKH SODFHPHQW RI PDFURFHOO EDVH VWDWLRQV
DUH EDVHG RQ FDUHIXO SODQQLQJ WKH SODFHPHQW RI ORZ SRZHU EDVH VWDWLRQV PD\ EH DG KRF
EDVHG RQO\ RQ D URXJK NQRZOHGJH RI FRYHUDJH LVVXHV DQG WUDIILF GHQVLW\ LQ WKH QHWZRUN
)LJXUH  GHSLFWV D KHWHURJHQHRXV FHOOXODU ZLUHOHVV QHWZRUN
8QOLNH WKH FRQYHQWLRQDO FHOOXODU QHWZRUN ZKHUH HDFK PRELOH WHUPLQDO LV VHUYHG E\
WKH EDVH VWDWLRQ ZLWK WKH VWURQJHVW VLJQDO VWUHQJWK ZKLOH WKH XQZDQWHG VLJQDOV UHFHLYHG
IURP RWKHU EDVH VWDWLRQV DUH WDNHQ FDUH RI DV LQWHUIHUHQFH ,Q KHWHURJHQHRXV QHWZRUN WKH
LQWHU WLHU DQG LQWUD WLHU LQWHUIHUHQFH SUREOHP EHFRPHV FKDOOHQJLQJ ZKLFK FDQ OHDG WR VXE
RSWLPDO SHUIRUPDQFH LI PRUH DGYDQFHG HIILFLHQW WHFKQLTXHV LV QRW HPSOR\HG IRU LQWHUIHU
HQFH PDQDJHPHQW >@

)UDFWLRQDO )UHTXHQF\ 5HXVH
)LJXUH  +HWHURJHQHRXV 1HWZRUN VKRZLQJ D PL[WXUH RI PDFUR SLFR IHPWR DQG UHOD\
EDVH VWDWLRQ >@
,Q WKH IROORZLQJ VHFWLRQ ZH ORRN DW VRPH RI WKH LQWHUIHUHQFH PDQDJHPHQW WHFKQLTXHV HP
SOR\HG LQ KHWHURJHQHRXV QHWZRUNV DQG UHODWH LW WR WKH UHVHDUFK TXHVWLRQ RI WKLV WKHVLV
 )UDFWLRQDO )UHTXHQF\ 5HXVH
,Q WKH SUHYLRXV FKDSWHUV RI WKH WKHVLV IUHTXHQF\ UHXVH LQ FRQYHQWLRQDO FHOOXODU ZLUHOHVV
V\VWHP ZDV GHVFULEHG DV WKH XVH RI WKH VDPH FDUULHU IUHTXHQFLHV I c WR FRYHU GLIIHUHQW JHR
JUDSKLFDO DUHDV 7KH GLIIHUHQW JHRJUDSKLFDO DUHDV DUH VHSDUDWHG IURP HDFK RWKHU E\ VXIIL
FLHQW GLVWDQFHV VR WKDW FRFKDQQHO LQWHUIHUHQFH ZLOO EH UHGXFHG
8QOLNH FRQYHQWLRQDO FHOOXODU QHWZRUNV LQ KHWHURJHQHRXV QHWZRUNV WKH LQWHUFHOO
LQWHUIHUHQFH DUH FKDOOHQJLQJ EHFDXVH KHWHURJHQHRXV QHWZRUNV DUH XQSODQQHG DQG FRQVLVW
RI D PL[WXUH RI GLIIHUHQW FHOO W\SHV >@ 7R PDQDJH WKH LQWHUIHUHQFH LQ KHWHURJHQHRXV
QHWZRUNV )UDFWLRQDO )UHTXHQF\ 5HXVH ))5 WHFKQLTXH KDV EHHQ SURSRVHG IRU 2)'0$
EDVHG FHOOXODU ZLUHOHVV QHWZRUNV >@ )UDFWLRQDO IUHTXHQF\ UHXVH SDUWLWLRQV D FHOO LQWR
WZR DUHDV FHQWUDO DQG HGJH DUHD >@ ,Q WKH FHQWUDO DUHDV IUHTXHQF\ FDQ EH UHXVHG
LQ HYHU\ FHOO ZKLOVW LQ WKH HGJH DUHDV IUHTXHQF\ FDQQRW EH XVHG LQ DGMDFHQW FHOOV >@
%DVLFDOO\ IRU IUDFWLRQDO IUHTXHQF\ UHXVH D UHXVH IDFWRU  LV XVH DW WKH FHOO FHQWUHV ZKHUH
LQWHUIHUHQFH LV ORZ DQG D UHXVH IDFWRU RI  DW WKH FHOO HGJH ,W KDYH EHHQ VKRZQ WKDW ))5
FDQ JUHDWO\ LPSURYH WKH VSHFWUXP HIILFLHQF\ IRU D 2)'0$ EDVHG FHOOXODU V\VWHP >@

)UDFWLRQDO )UHTXHQF\ 5HXVH
)LJXUH  $ FHOOXODU V\VWHP VLWH OD\RXW ZLWK IUDFWLRQDO IUHTXHQF\ UHXVH >@

3RVVLEOH ,PSDFW RI )UDFWLRQDO )UHTXHQF\ 5HXVH RQ WKH 0LQLPXP &HOO 6L]H 5DGLXV
$ FXUUHQW GHYHORSHG FHOOXODU PRELOH FRPPXQLFDWLRQ V\VWHP VLWH OD\RXW XVLQJ D UHXVH IDFWRU
RI  DW HGJH FHOOV DQG D UHXVH IDFWRU RI  DW FHQWUH FHOOV LV LOOXVWUDWHG LQ )LJXUH  IRU
WKH IUDFWLRQDO IUHTXHQF\ UHXVH VFKHPH
/7( DOWKRXJK RIIHUV LQIRUPDWLRQ FDSDFLW\ LPSURYHPHQW RYHU * QHWZRUNV LW ZLOO
VWLOO EH LQVXIILFLHQW WR DGGUHVV IXWXUH H[SHFWHG FDSDFLW\ GHPDQGV >@ 7KHUHIRUH DF
TXLULQJ PRUH VSHFWUXPV DQG XVLQJ ZLGHU EDQGZLGWK ZRXOG KHOS RSHUDWHV SURYLGHG PRUH
LQIRUPDWLRQ FDSDFLW\ >@ 7KH XVH RI ))5 LQ FXUUHQW GHYHORSHG FHOOXODU QHWZRUNV OHDGV
WR QDWXUDO WUDGHRIIV EHWZHHQ LPSURYHPHQW LQ UDWH DQG FRYHUDJH IRU FHOO HGJH XVHUV DQG VXP
QHWZRUN WKURXJKSXW DQG VSHFWUDO HIILFLHQF\ >@ )RU RSHUDWRUV WR DGGUHVV WKH IXWXUH H[
SHFWHG FDSDFLW\ GHPDQGV /7( FHOOXODU QHWZRUN PD\ KDYH WR EH RSHUDWHG DW KLJKHU FDUULHU
IUHTXHQFLHV I c ZKLFK PDNH RXU UHVHDUFK TXHVWLRQV UHOHYDQW WR WKH ODWHVW GHYHORSPHQW LQ
FHOOXODU PRELOH FRPPXQLFDWLRQV ,Q WKH QH[W VHFWLRQ ZH ZLOO GLVFXVV WKH SRVVLEOH LPSDFW
RI IUDFWLRQDO IUHTXHQF\ UHXVH RQ WKH PLQLPXP FHOO VL]H UDGLXV IRU LQIRUPDWLRQ FDSDFLW\
LQFUHDVH LQ FHOOXODU ZLUHOHVV QHWZRUNV
 3RVVLEOH ,PSDFW RI )UDFWLRQDO )UHTXHQF\5HXVH RQ WKH
0LQLPXP &HOO 6L]H 5DGLXV
%DVHG RQ WKH HDUOLHU DQDO\VLV ZH VWXG\ WKH SRVVLEOH LPSDFW RI IUDFWLRQDO IUHTXHQF\ UHXVH RQ
WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH LQ WKH FRQWH[W RI FXUUHQW GHYHORSHG FHOOXODU V\VWHP
RSHUDWLQJ DW KLJKHU FDUULHU IUHTXHQFLHV $OWKRXJK WKHUH DUH WZR ))5 PRGHV 6WULFW ))5
DQG 6RIW )UHTXHQF\ 5HXVH 6)5 >@ WKLV VWXG\ IRFXVHV RQ WKH 6WULFW ))5
&RQVLGHULQJ )LJXUH  WKH IUHTXHQF\ UHXVH IDFWRU LQ WKH FHQWUDO DUHD LV RQH
ZKHUHDV WKH IUHTXHQF\ UHXVH IDFWRU LQ WKH HGJH DUHD LV  7KH ILJXUH VKRZV WKDW WKH
VDPH IUHTXHQF\ FDQ EH UHXVHG DPRQJ WKH DUHDV ZLWK WKH VDPH SDWWHUQ RI VKDGRZ )RU D
UHIHUHQFH XVHU 060 LQ WKH FHQWUDO DUHD %60 DOO 06V RXWVLGH %60 PD\ FDXVH FRFKDQQHO
LQWHUIHUHQFH WKURXJK XSOLQN WUDQVPLVVLRQ WR WKH UHIHUHQFH XVHU 1RZ FRPSDULQJ WKH JH
RPHWULFDO SDWWHUQ LQ )LJXUH  WR )LJXUH  LW FDQ EH VHHQ WKDW WKH SURSRVHG IRUPXOD
IRU FDOFXODWLQJ WKH QXPEHU FRFKDQQHO LQWHUIHULQJ FHOOV LQ D FHOOXODU VLWH OD\RXW VWLOO KROGV
+RZHYHU WKH IUHTXHQF\ UHXVH GLVWDQFHV ZLOO EH GLIIHUHQW DV WKH UHXVH GLVWDQFH GHSHQGV RQ

3RVVLEOH ,PSDFW RI )UDFWLRQDO )UHTXHQF\ 5HXVH RQ WKH 0LQLPXP &HOO 6L]H 5DGLXV
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO UDGLXV IRU SDWK ORVV H[
SRQHQW α   DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU V\VWHP ZLWK
FRFKDQQHO LQWHUIHULQJ FHOOV LQ ILUVW WLHU 1FI   DQG PXOWLSOH WLHU 1NI   UHXVH IDF
WRU   H[WUD SDWK ORVV H[SRQHQW ρ   06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG
Kb   P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

3RVVLEOH ,PSDFW RI )UDFWLRQDO )UHTXHQF\ 5HXVH RQ WKH 0LQLPXP &HOO 6L]H 5DGLXV
)LJXUH  $YHUDJH XSOLQN DUHD VSHFWUDO HIILFLHQF\ YHUVXV FHOO UDGLXV IRU SDWK ORVV H[
SRQHQW α   DQG GLIIHUHQW FDUULHU IUHTXHQFLHV I c )XOO\ORDGHG FHOOXODU V\VWHP ZLWK
FRFKDQQHO LQWHUIHULQJ FHOOV LQ ILUVW WLHU 1FI   DQG PXOWLSOH WLHU 1NI   UHXVH IDF
WRU   H[WUD SDWK ORVV H[SRQHQW ρ   06 DQG %6 DQWHQQD KHLJKWV  Km   P DQG Kb
  P
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   0+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]
 6LQJOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+] >@
 0XOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ PRGHO I c   *+]

6XPPDU\
WKH UHXVH IDFWRU
,Q WKH LQIRUPDWLRQ FDSDFLW\ DQDO\VLVVLPXODWLRQ D VLQJOH XVHU ZDV FRQVLGHUHG )RU
DQ 2)'0$ EDVHG V\VWHP LW LV DVVXPHG WKDW HDFK WLPHIUHTXHQF\ VXEEDQG LV DOORFDWHG WR D
VLQJOH XVHU SHU FHOO >@ WKHUHIRUH WKH DQDO\VLVVLPXODWLRQV LQ &KDSWHU  FDQ EH DSSOLHG WR
FXUUHQW GHYHORSHG PRELOH WHFKQRORJLHV 7R LQGLFDWH ZKHWKHU RXU DSSURDFK FDQ EH DSSOLHG
WR FXUUHQW GHYHORSHG PRELOH FHOOXODU V\VWHP D VLPXODWLRQ ZDV UXQ IROORZLQJ WKH SURFHGXUH
LQ 6HFWLRQ  KRZHYHU D UHXVH IDFWRU RI RQH DQG  ZHUH FRQVLGHUHG
)LJXUH  DQG  VKRZV WKH DUHD VSHFWUDO HIILFLHQF\ $6( DV D IXQFWLRQ RI WKH FHOO
VL]H UDGLXV5 IRU GLIIHUHQW FDUULHU IUHTXHQF\ I c DQG UHXVH IDFWRU  DQG RQH &RPSDULQJ WKH
WZR ILJXUHV )LJXUH  VKRZ DQ LQFUHDVH LQ $6( DV H[SHFWHG DV WKH QXPEHU RI DYDLODEOH
UHVRXUFHV GHSHQGV RQ WKH UHXVH IDFWRU >@ 7KH ILJXUHV VKRZ WKDW DV FDUULHU IUHTXHQFLHV
LQFUHDVHV DQG FHOO VL]H UDGLXV UHGXFHV WKH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH
WZR LQWHUIHUHQFH PRGHO LQFUHDVHV 7KH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ LV GXH WR RWKHU
WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPLQJ DFWLYH DV WKH FDUULHU IUHTXHQF\ LQFUHDVHV DQG FHOO
VL]H UDGLXV UHGXFHV 7KH GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ EHWZHHQ WKH WZR LQWHUIHUHQFH
PRGHO WHQGV WR LQFUHDVH IRU KLJKHU UHXVH IDFWRU EHFDXVH WKH UHXVH GLVWDQFH EHWZHHQ FR
FKDQQHO LQWHUIHULQJ FHOOV GHFUHDVHV DV WKH UHXVH IDFWRU EHFRPHV KLJKHU
 6XPPDU\
,Q WKLV FKDSWHU EHFDXVH WKH LQIRUPDWLRQ FDSDFLW\ DORQH FRXOG QRW EH DSSOLHG GLUHFWO\ WR
ILQG WKH PLQLPXP FHOO VL]H UDGLXV IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ FHOOXODU ZLUHOHVV
FRPPXQLFDWLRQ V\VWHPV $Q LQIRUPDWLRQ FDSDFLW\FRVW DSSURDFK ZDV XVHG LQ ILQGLQJ WKH
PLQLPXP FHOO VL]H UDGLXV 7KH LQIRUPDWLRQ FDSDFLW\FRVW ZDV WKHUHIRUH GHILQHG DV WKH
GDWD UDWH+]NP2XQLW FRVW ZLWK WKH HIIHFWV RI LQWHUIHUHQFH LQFOXGHG LQ WKH GDWD UDWH FDOFX
ODWLRQ :H FRPSXWHG WKH LQIRUPDWLRQ FDSDFLW\FRVW UDWLR IRU D FRQYHQWLRQDO LQWHUIHUHQFH
PRGHO DQG RXU SURSRVHG LQWHUIHUHQFH PRGHO :H VKRZ WKDW DW  0+] WKH LQIRUPD
WLRQ FDSDFLW\FRVW IRU WKH FRQYHQWLRQDO LQWHUIHUHQFH DQG RXU SURSRVHG LQWHUIHUHQFH PRGHO
ZHUH DOPRVW WKH VDPH DW FHOO VL]H UDGLXV 5   P +RZHYHU LQ WKH FDVH RI  *+]
WKH LQIRUPDWLRQ FDSDFLW\FRVW IRU WKH FRQYHQWLRQDO PRGHO DW 5   P HTXDOV WKDW RI WKH
SURSRVHG PRGHO DW 5   P 7KLV UHVXOW VKRZV WKDW WKHUH LV D OLPLW WR FHOO VL]H UDGLXV

6XPPDU\
UHGXFWLRQ LQ WHUPV RI LQIRUPDWLRQ FDSDFLW\ JDLQ DQG FRVW DV FDUULHU IUHTXHQF\ LQFUHDVHV
DQG DV FHOO VL]H UDGLXV GHFUHDVHV
$IWHU RXWOLQLQJ VRPH RI WKH FXUUHQW DQG SURSRVH GHYHORSPHQW LQ FHOOXODU PRELOH
FRPPXQLFDWLRQ WHFKQRORJLHV ZH GLVFXVV DQG HODERUDWH RQ KRZ WKLV UHVHDUFK ZRUN FDQ EH
DSSOLHG WR WKH FXUUHQW DQG SURSRVHG GHYHORSPHQW DQG LWV UHOHYDQFH WR WKH UHVHDUFK TXHVWLRQ
LQ WKLV WKHVLV +RZHYHU LW PXVW EH VWDWHG WKDW WKH GLVFXVVLRQ GRHV QRW JLYH D GHILQLWLYH
DQVZHU WR WKH UHVHDUFK TXHVWLRQ RI WKLV WKHVLV EXW UDWKHU RXWOLQHV KRZ RXU DSSURDFK FDQ EH
DSSOLHG WR FXUUHQW DQG SURSRVHG FHOOXODU PRELOH FRPPXQLFDWLRQ WHFKQRORJLHV

&KDSWHU 
&RQFOXVLRQV DQG )XWXUH :RUN

&RQFOXVLRQV
 &RQFOXVLRQV
&HOOXODU ZLUHOHVV QHWZRUNV DUH RQH RI WKH PRVW XVHIXO ZLUHOHVV FRPPXQLFDWLRQ V\VWHP
7KH GHVLJQ DQG SODQQLQJ RI FHOOXODU ZLUHOHVV QHWZRUNV KDV WKH REMHFWLYH RI LQFUHDVLQJ
WKH LQIRUPDWLRQ FDSDFLW\ RI WKH V\VWHPV 1RZ WKH PRVW LPSURYHPHQW RI FHOOXODU ZLUHOHVV
V\VWHP LQIRUPDWLRQ FDSDFLW\ KDV FRPH IURP UHGXFLQJ FHOO VL]H UDGLXV E\ LQVWDOOLQJ PRUH
EDVH VWDWLRQV +RZHYHU LQ WKH FHQWHU RI 7RN\R ZKHQ FHOO VL]H UDGLXV ZDV UHGXFHG WR 
P DQG OHVV WKHUH ZDV D SUREOHP RI FRFKDQQHO LQWHUIHUHQFH 7KH SKLORVRSK\ RI WKLV WKHVLV
LV WKHUHIRUH WR ³DQVZHU WKH TXHVWLRQV´ 
 ZK\ GRHV FRFKDQQHO LQWHUIHUHQFH EHFRPH D SUREOHP DV FHOO VL]H UDGLXV UHGXFHV"
DQG
 LV WKHUH D WKHRUHWLFDO OLPLW WR FHOO VL]H UDGLXV UHGXFWLRQ IRU LQIRUPDWLRQ FDSDFLW\ LQ
FUHDVH LQ FHOOXODU ZLUHOHVV V\VWHP LQ WHUPV RI LQIRUPDWLRQ FDSDFLW\FRVW"
,Q YLHZ RI WKH VLJQLILFDQFH RI FRFKDQQHO LQWHUIHUHQFH RQ WKH LQIRUPDWLRQ FDSDFLW\ RI FHO
OXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV LQ &KDSWHU  XVLQJ DQ LQGXFWLYH DSSURDFK ZH KDYH
JHQHUDWHG D IRUPXOD IRU FDOFXODWLQJ WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV EH\RQG WKH
ILUVW WLHU IRU D FHOOXODU ZLUHOHVV V\VWHP VLWH OD\RXW 7KH JHQHUDWHG IRUPXOD VKRZV WKDW WKH
QXPEHU RI FRFKDQQHO LQWHUIHULQJ FHOOV LQ D JLYHQ WLHU RI D FHOOXODU ZLUHOHVV V\VWHP VLWH OD\
RXW UHJDUGOHVV RI WKH WHVVHOODWLRQ LV WKH SURGXFW RI WKH QXPEHU RI FRFKDQQHO LQWHUIHULQJ
FHOOV LQ WKH ILUVW WLHU DQG WKH WLHU QXPEHU :H SURSRVHG D FDUULHUWRLQWHUIHUHQFH PRGHO
ZKLFK LQFOXGHV WKH ILUVW DQG VHFRQG WLHU FRFKDQQHO LQWHUIHULQJ FHOOV
)URP &KDSWHU  ZH FRQFOXGH WKDW DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] DQG
VPDOOHU FHOO VL]H UDGLXV VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPHV DFWLYH 7KLV OHDGV
WR FRFKDQQHO LQWHUIHUHQFH EHFRPLQJ VHYHUH LQ WKH FHOOXODU QHWZRUN WKHUHIRUH OHDGLQJ WR D
GHFUHDVH LQ WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV V\VWHP :H DOVR FRQFOXGHG
WKDW DV WKH EDVLF SDWK ORVV H[SRQHQW α GHFUHDVHV WKH VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH
EHFRPHVPRUH VHYHUH :H IRXQG RXW WKDW DW KLJKHU IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV
ZKHQ WKH VHFRQG WLHU FRFKDQQHO LQWHUIHUHQFH EHFRPH DFWLYH WKH LQIRUPDWLRQ FDSDFLW\ RI
WKH FHOOXODU ZLUHOHVV V\VWHP LV VHQVLWLYH WR SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV

)XWXUH :RUN
,Q &KDSWHU  EDVHG RQ WKH FRQFOXVLRQ LQ &KDSWHU  ZH ORRNHG DW WKH FDVH RI PXO
WLSOH WLHU FRFKDQQHO LQWHUIHULQJ FHOOV )URP &KDSWHU  LW ZDV IRXQG WKDW DW KLJKHU FDUULHU
IUHTXHQFLHV EHFDXVH WKH EUHDNSRLQW ORFDWLRQ LV IXUWKHU DZD\ IURP WKH WUDQVPLWWLQJ VRXUFH
IRU VPDOOHU FHOO VL]H UDGLXV FHOOXODU V\VWHPV PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV
DUH LQ WKH IUHH VSDFH UHJLRQ ,Q WKH IUHH VSDFH UHJLRQ WKH UHFHLYHG VLJQDO SRZHU GHFUHDVHV
LQ LQYHUVH SURSRUWLRQ WR WKH VHFRQG SRZHU RI GLVWDQFH +RZHYHU DIWHU WKH EUHDNSRLQW
WKH UHFHLYHG VLJQDO SRZHU GHFUHDVHV LQ LQYHUVH SURSRUWLRQ WR WKH IRXUWK SRZHU RI GLVWDQFH
ZKLFK UHQGHUV LQWHUIHUHQFH LQ WKDW UHJLRQ QHJOLJLEOH :H FRQFOXGH WKDW DW KLJKHU FDUULHU
IUHTXHQFLHV DQG VPDOOHU FHOO VL]H UDGLXV PXOWLSOH WLHUV RI FRFKDQQHO LQWHUIHULQJ FHOOV EH
FRPH DFWLYH 7KH PXOWLSOH WLHU FRFKDQQHO LQWHUIHULQJ FHOOV WKHUHIRUH FDXVH LQWHUIHUHQFH
WR EH PRUH VHYHUH ZKLFK OHDGV WR D GHFUHDVH LQ LQIRUPDWLRQ FDSDFLW\ 7KH GHFUHDVH LV
JUHDWHU LQ WKH FDVH RI PXOWLSOH WLHUV LQWHUIHUHQFH DV FRPSDUHG WR WKH ILUVW DQG VHFRQG WLHU
FRFKDQQHO LQWHUIHUHQFH FHOOV FDVH :H DOVR IRXQG WKDW WKH LQIRUPDWLRQ FDSDFLW\ LV VWLOO
VHQVLWLYH WR SURSDJDWLRQ ORVV DQG V\VWHP SDUDPHWHUV
7KH PDLQ FRQFOXVLRQ WR GUDZ IURP &KDSWHU  LV WKDW DV FDUULHU IUHTXHQF\ LQFUHDVHV
LW LV QRW FRVW HIIHFWLYH WR UHGXFH WKH FHOO VL]H UDGLXV EHORZ D FHUWDLQ OLPLW 7KHUHIRUH IRU
HPHUJLQJ DQG IXWXUH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV ZKLFK ZLOO EH RSHUDWLQJ DW
FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+] LW ZLOO QRW EH DGYLVDEOH WR UHGXFH WKH FHOO VL]H UDGLXV
LQGHILQLWHO\ LQ WHUPV RI FRVW DQG WKH LQIRUPDWLRQ FDSDFLW\ JDLQ RI WKH FHOOXODU ZLUHOHVV
QHWZRUN 7KH WKHRUHWLFDO OLPLW IRU WKH FHOO VL]H UDGLXV UHGXFWLRQ GHSHQGV RQ WKH FDUULHU
IUHTXHQF\ )RU H[DPSOH DW D FDUULHU IUHTXHQF\ RI  *+] WKH WKHRUHWLFDO OLPLW IRU FHOO
VL]H UDGLXV UHGXFWLRQ IRU LQIRUPDWLRQ FDSDFLW\ LQFUHDVH LQ WHUPV RI FRVW SHU LQIRUPDWLRQ
FDSDFLW\ UDQJHV IURP  WR  NP
 )XWXUH :RUN
:KLOH WKLV WKHVLV SURYLGHV DQ LQ GHSWK LQVLJKW LQWR L WKH SUREOHP RI FKDUDFWHUL]LQJ FR
FKDQQHO LQWHUIHUHQFH LQ FHOOXODU V\VWHPV RSHUDWLQJ DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ 
*+] DQG VPDOOHU FHOO VL]H UDGLXV LL WKH LQIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH RI HPHUJLQJ
FHOOXODU V\VWHPV DQG ILQDOO\ LLL ILQGLQJ D PLQLPXP FHOO VL]H IRU LQIRUPDWLRQ FDSDFLW\
LQFUHDVH LQ HPHUJLQJ FHOOXODU V\VWHPV D YDULHW\ RI IUXLWIXO DUHDV UHPDLQ IRU IXWXUH UHVHDUFK

)XWXUH :RUN
:H HPSKDVL]H WKH IROORZLQJ PDMRU LQWHUUHODWHG UHVHDUFK GLUHFWLRQV
,Q RUGHU WR HVWLPDWH WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV QHWZRUN ZH
KDYH SUHVHQWHG D VLPSOLILHG SURSDJDWLRQ PRGHO :KLOH LW FDQ EH DUJXHG WKDW WKH DFFXUDF\
RI WKH VLPSOLILHG PRGHO SURSRVHG LQ &KDSWHU  XVHG IRU RXU DQDO\VLV DQG VLPXODWLRQ
PD\ EH SRRU )RU IXWXUH ZRUN ZH VXJJHVW WKH GHYHORSPHQW RI D QHZ PRGHO 7KH QHZ
PRGHO VKRXOG QRW EH VLJQLILFDQWO\ PRUH FRPSOH[ WKDQ RXU VLPSOLILHG PRGHO \HW VKRXOG
LQFRUSRUDWHV VKDGRZLQJ HIIHFWV VPDOOVFDOH IDGLQJ DQG QRLVH
,W LV ZRUWK SRLQWLQJ RXW WKDW WKH SURSRVHG FRFKDQQHO LQWHUIHUHQFHPRGHO IRU FHOOXODU
ZLUHOHVV FRPPXQLFDWLRQ QHWZRUNV RSHUDWLQJ DW FDUULHU IUHTXHQFLHV JUHDWHU WKDQ  *+]
PD\ EH IXUWKHU LPSURYHG WR EH UHDOLVWLF LQ YDULRXV ZD\V
 ,QIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV IRU GLIIHUHQW VWDWLVWLFDO SDWK ORVV PRGHOV
VFHQDULRV VXFK DV LQGRRU DQG RXWGRRU XVHUV FRQQHFWLQJ WR DQ LQGRRU RU RXWGRRU EDVH
VWDWLRQ
 ,QIRUPDWLRQ FDSDFLW\ SHUIRUPDQFH DQDO\VLV IRU QRQXQLIRUPO\ GLVWULEXWHG PRELOH
XVHUV XVLQJ WKH SURSRVHG LQWHUIHUHQFH PRGHO
,W ZLOO DOVR EH LQWHUHVWLQJ WR FKDUDFWHUL]H WKH FRFKDQQHO LQWHUIHUHQFH IRU WKH FDVH RI GRZQ
OLQN VHFWRUL]HG DQG RWKHU PXOWLSOH DFFHVV VFKHPH VXFK DV FRGH GLYLVLRQ PXOWLSOH DFFHVV
&'0$ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV 7KH GHYHORSHG FRVW PRGHO PD\ EH
IXUWKHU LPSURYHG WR EH UHDOLVWLF LQ YDULRXV ZD\V
 :KHQ GLIIHUHQW %6 VWDWLRQ W\SHV DUH FRQVLGHUHG IRU WKH LQIUDVWUXFWXUH FRVW PRGHO
 :KHQ QHW UHYHQXH JHQHUDWHG SHU FHOO SHU \HDU DQG WKH SURILW JHQHUDWHG SHU FHOO SHU
\HDU LV DOVR LQFOXGHG LQ WKH DQDO\VLV
,W ZLOO DOVR EH YDOXDEOH WR FRQVLGHU D WKUHH GLPHQVLRQ LQWHUIHUHQFH PRGHO DV PRVW
FLWLHV DUH QRZ ILOOHG ZLWK KLJKULVH EXLOGLQJ WKHUHIRUH FHOO VLWHV PD\ EH VHSDUDWHG LQ WKUHH
GLPHQVLRQV &RQVHTXHQWO\ LQWHUIHUHQFH LQ FLW\ FHQWUHV PD\ EH LQ WKUHH GLPHQVLRQV 5H
JDUGLQJ WKH PLQLPXP FHOO VL]H UDGLXV LW ZRXOG EH LQWHUHVWLQJ LI D GHILQLWH RSWLPDO FHOO VL]H
UDGLXV WKDW PD[LPL]HV WKH LQIRUPDWLRQ FDSDFLW\ RI WKH FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ
ZHUH REWDLQHG ,W LV LPSRUWDQW IRU RQH WR FRQILUP ZKHWKHU WKH VLPXODWLRQ UHVXOWV VKRZQ

)XWXUH :RUN
LQ WKLV WKHVLV FRQWLQXH WR KROG IRU 3RLVVRQ GLVWULEXWHG FHOOV >@ ZKLFK KDYH EHHQ VKRZQ
UHFHQWO\ WR EH D EHWWHU PRGHO IRU LQWHUIHUHQFH LQ FHOOXODU ZLUHOHVV FRPPXQLFDWLRQ V\VWHPV
)LQDOO\ WKLV ZRUN ZRXOG KDYH EHHQ PRUH YDOXDEOH LI WKH VLPXODWHG UHVXOW ZHUH FRP
SDUHG ZLWK H[SHULPHQWDOO\ REVHUYHG UHVXOWV 8QIRUWXQDWHO\ LW ZLOO EH YHU\ H[SHQVLYH WR
FDUU\ RXW VXFK DQ H[SHULPHQW

%,%/,2*5$3+<

%LEOLRJUDSK\
>@ : & -DNHV0LFURZDYH PRELOH FRPPXQLFDWLRQV 1HZ <RUN 1< -RKQ :LOH\ 	
6RQV  SS  ± 
>@ - 7DNDGD - )X + =KX DQG 7 .RED\DVKL ³6SDWLRWHPSRUDO FKDQQHO FKDUDFWHUL
]DWLRQ LQ D VXEXUEDQ QRQ OLQHRIVLJKW PLFURFHOOXODU HQYLURQPHQW´ ,((( - 6HOHFW
$UHDV &RPPXQ YRO  QR  SS ± $SU 
>@ 5 =KDQJ DQG / +DQ]R ³:LUHOHVV FHOOXODU QHWZRUNV´ 9HK 7HFKQROR 0DJ YRO 
QR  SS  ±  
>@ 9 + 0DF'RQDOG ³7KH FHOOXODU FRQFHSW´ %HOO 6\VW 7HFK - YRO  QR  SS 
±  -DQ 
>@ 3 +DUOH\ ³6KRUW GLVWDQFH DWWHQXDWLRQ PHDVXUHPHQWV DW  PK] DQG  JK] XVLQJ
ORZ DQWHQQD KHLJKWV IRU PLFURFHOOV´ ,((( - 6HOHFW $UHDV &RPPXQ YRO  QR 
SS  ±  -DQ 
>@ < /LDQJ $ *ROGVPLWK * )RVFKLQL 5 9DOHQ]XHOD DQG ' &KL]KLN ³(YROXWLRQ RI
EDVH VWDWLRQ LQ FHOOXODU QHWZRUNV GHQVHU GHSOR\PHQW YHUVXV FRRUGLQDWLRQ´ LQ 3URF
,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPPXQLFDWLRQV ,&&¶ %HLMLQJ &KLQD
0D\  SS  ± 
>@ 6 =KRX 0 =KDR ; ;X - :DQJ DQG < <DR ³'LVWULEXWHG ZLUHOHVV FRPPXQLFD
WLRQ V\VWHP $ QHZ DUFKLWHFWXUH IRU IXWXUH SXEOLF ZLUHOHVV DFFHVV´ ,((( &RPPXQ
0DJ YRO  SS  ±  
>@ $ - 6FKZDE DQG 3 )LVFKHU ³0D[ZHOO KHUW] DQG JHUPDQ UDGLRZDYH KLVWRU\´
3URF ,((( YRO  QR  SS  ±  -XO 
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>@ ) *DUGLRO DQG < )RXUQLHU ³0DUFRQL LQ VZLW]HUODQG WUXH VWRU\ RU IDLU\ WDOH´ LQ
3URF +LVWRU\ RI 7HOHFRPPXQLFDWLRQV +,67(/&21¶¶ 3DULV )UDQFH 6HSW
 SS  ± 
>@ * 5 0 *DUUDW 7KH (DUO\ +LVWRU\ RI 5DGLR IURP )DUDGD\ WR 0DUFRQL /RQGRQ
8. ,QVWLWXWLRQ RI (QJLQHHULQJ DQG 7HFKQRORJ\ 
>@ * & &RUD]]D ³0DUFRQL¶V KLVWRU\´ 3URF ,((( YRO  QR  SS  ± 
-XO 
>@ * % *LDQQDNLV ³6LJQDO SURFHVVLQJ DGYDQFHV LQ ZLUHOHVV DQG PRELOH FRPPXQLFD
WLRQV´ ,((( 6LJQDO 3URFHVVLQJ 0DJ YRO  QR  SS  ±  0D\ 
>@ * % *LDQQDNLV 3 6WRLFD DQG < +XD 6LJQDO 3URFHVVLQJ $GYDQFHV LQ :LUHOHVV
DQG 0RELOH &RPPXQLFDWLRQV 9ROXPH , 7UHQGV LQ &KDQQHO (VWLPDWLRQ DQG (TXDO
L]DWLRQ 8SSHU 6DGGOH 1- 3UHQWLFH +DOO 375 
>@ - 0LNNRQHQ & &RUUDGR & (YFL DQG 0 3URJOHU ³(PHUJLQJ ZLUHOHVV EURDGEDQG
QHWZRUNV´ ,((( &RPPXQ 0DJ YRO  QR  SS  ±  )HE 
>@ < 2GD . 7VXQHNDZD DQG 0 +DWD ³$GYDQFHG ORV SDWKORVV PRGHO LQ PLFURFHO
OXODU PRELOH FRPPXQLFDWLRQV´ ,((( 7UDQV 9HK 7HFKQRO YRO  QR  SS 
±  1RY 
>@ 7 . 6DUNDU = -L . .LP $ 0HGRXUL DQG 0 6DOD]DU3DOPD ³$ VXUYH\ RI YDUL
RXV SURSDJDWLRQ PRGHOV IRU PRELOH FRPPXQLFDWLRQ´ ,((( 7UDQV $QWHQQDV 3URS
DJDW YRO  SS  ±  -XQ 
>@ % * (YDQV DQG . %DXJKDQ ³9LVLRQV RI J´ ,(7 (OHFWURQLFV 	 &RPPXQLFDWLRQ
(QJLQHHULQJ -RXUQDO YRO  QR  SS  ±  'HF 
>@ 0 'LQLV DQG - )HUQDQGHV ³3URYLVLRQ RI VXIILFLHQW WUDQVPLVVLRQ FDSDFLW\ IRU EURDG
EDQG PRELOH PXOWLPHGLD D VWHS WRZDUG J´ ,((( &RPPXQ 0DJ YRO  QR 
SS  ±  $XJ 
>@ * / 6WEHU 3ULQFLSOHV RI PRELOH FRPPXQLFDWLRQ QG HG 1RUZHOO 0$ .OXZHU
$FDGHPLF  SS  ± 
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>@ $ *ROGVPLWK :LUHOHVV FRPPXQLFDWLRQ 1HZ <RUN 1< &DPEULGJH 8QLYHUVLW\
 SS  ± 
>@ $ ) 0ROLVFK :LUHOHVV FRPPXQLFDWLRQ 1HZ <RUN 1< -RKQ :LOH\ 	 6RQV
 SS  ± 
>@ $ - *ROGVPLWK ³'HVLJQ DQG SHUIRUPDQFH RI KLJKVSHHG FRPPXQLFDWLRQ V\VWHPV
RYHU WLPHYDU\LQJ UDGLR FKDQQHOV´ 3K' GLVVHUWDWLRQ 8QLYHUVLW\ RI &DOLIRUQLD DW
%HUNHOH\ 
>@ - * $QGUHZV ³,QWHUIHUHQFH FDQFHOODWLRQ IRU FHOOXODU V\VWHPV $ FRQWHPSRUDU\
RYHUYLHZ´ ,((( 7UDQV :LUHOHVV &RPPXQ YRO  QR  SS  ±  $SU 
>@ = .UXVHYDF ³0RGHOEDVHG DSSURDFK WR UHOLDEOH LQIRUPDWLRQ WUDQVIHU RYHU WLPH
YDU\LQJ FRPPXQLFDWLRQ FKDQQHOV´ 3K' GLVVHUWDWLRQ $XVWUDOLDQ 1DWLRQDO 8QLYHU
VLW\ 
>@ & ( 6KDQQRQ ³$ PDWKHPDWLFDO WKHRU\ RI FRPPXQLFDWLRQ SDUW L´ %HOO 6\VW 7HFK
- YRO  SS  ±  
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SS  ±  0D\ 
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YRO  SS  ±  6HSW 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 QR  SS  ±  $XJ 
>@ & ) %DOO DQG + . ,YDQRY ³6SHFWUXP HIILFLHQF\ HYDOXDWLRQ IRU GLIIHUHQW ZLUHOHVV
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>@ / =iYRGQê DQG 6 +DQXV ³&HOOXODU UDGLR QHWZRUN RSWLPL]DWLRQ EDVHG RQ WKH FL
UDWLR DQG WUDQVPLVVLRQ FDSDFLW\´ LQ3URF ,((( +LJK )UHTXHQF\ 3RVWJUDGXDWH
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 ± 
>@ . $ $QDQJ 3 % 5DSDMLF 7 , (QHK DQG % /DZDO ³6HQVLWLYLW\ RI LQIRUPDWLRQ
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SUHGLFLWRQ PRGHO EDVHG XSRQ DUWLILFLDO QHXUDO QHWZRUNV´ ,((( - 6HOHFW $UHDV
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3HQWHFK 3UHVV 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 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7UDQV ,QIRUP 7KHRU\ YRO  QR  SS  ±  0DU 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-RKQ :LOH\ 	 6RQV  S 
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FKDQQHOV´ ,((( - 6HOHFW $UHDV &RPPXQ YRO  QR  SS  ± 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
>@ 5 3UDVDG DQG $ .HJHO ³,PSURYHG DVVHVVPHQW RI LQWHUIHUHQFH OLPLWV LQ FHOOXODU
UDGLR SHUIRUPDQFH´ ,((( 7UDQV 9HK 7HFKQRO YRO  QR  SS  ±  0D\

>@ 6 3KDLERRQ DQG 3 3KRNKDUDWNXO ³3DWK ORVV SUHGLFWLRQ IRU ORZULVH EXLOGLQJV ZLWK
LPDJH FODVVLILFDWLRQ RQ G DHULDO SKRWRJUDSKV´ 3URJUHVV ,Q (OHFWURPDJQHWLFV 5H
VHDUFK YRO  SS  ±  
>@ ' & &R[ 5 5 0XUUD\ DQG $ : 1RUULV ³$QWHQQD KHLJKW GHSHQGHQFH RI 
PK] DWWHQXDWLRQ PHDVXUHG LQ KRXVHV´ ,((( 7UDQV 9HK 7HFKQRO YRO  QR 
SS  ±  0D\ 
>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>@ ) $ &UX]3HUH] DQG ' /DUD5RGULJXH] ³,PSDFW RI WKH EUHDNSRLQW GLVWDQFH RQ WKH
UHYHUVH OLQN FDSDFLW\ RI D FGPD PDQKDWWDQ OLNH PLFURFHOOXODU V\VWHP´ LQ 3URF WK
,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ 6SUHDG 6SHFWUXP 7HFKQLTXHV DQG $SSOLFDWLRQV
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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>@ 6 0LQ DQG + / %HUWRQL ³(IIHFW RI SDWK ORVV RQ FGPD V\VWHP GHVLJQ IRU KLJKZD\
PLFURFHOOV´ LQ 3URF WK ,((( 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH 97&¶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2WWDZD &DQDGD 0D\ 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>@ & +R - &RSHODQG & /HD DQG * 6WEHU ³,PSDFW RI WKH FHOO VL]H RQ WKH FHOO¶V
HUODQJ FDSDFLW\ DQG FDOO DGPLVVLRQ FRQWURO LQ WKH GVFGPD FHOOXODU QHWZRUNV´ LQ
3URF ,((( 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH 97&¶ YRO  7RN\R -DSDQ
0D\  SS  ± 
>@ * +HUQDQGH]9DOGH] ) $ &UX]3HUH] DQG 0 /DUD ³,PSDFW RI WKH FHOO VL]H DQG
WKH SURSDJDWLRQ PRGHO SDUDPHWHUV RQ WKH SHUIRUPDQFH RI PLFURFHOOXODU QHWZRUNV´
LQ3URF WK ,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ3HUVRQDO ,QGRRU DQG0RELOH 5DGLR
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3,05&¶  YRO  /RQGRQ8.  SS  ± 
>@ ' +DU DQG + / %HUWRQL ³(IIHFW RI DQLVRWURSLF SURSDJDWLRQ PRGHOOLQJ RQ PLFUR
FHOOXODU V\VWHP GHVLJQ´ ,((( 7UDQV 9HK 7HFKQRO YRO  QR  SS  ± 
$XJ 
>@ % 7 $KPHG 0 & 5DPRQ DQG / GH +DUR $ULHW ³&DSDFLW\ DQG LQWHUIHUHQFH
VWDWLVWLFV RI KLJKZD\V ZFGPD FLJDUVKDSHG PLFURFHOOV XSOLQN DQDO\VLV´ ,(((
&RPPXQ /HWW YRO  QR  SS  ±  $XJ 
>@ $ .DUOVVRQ 5 6FKXK & %HUJOMXQJ 3 .DUOVVRQ DQG 1 /RZHQGDKO ³7KH LQIOX
HQFH RI WUHHV RQ UDGLR FKDQQHOV DW IUHTXHQFLHV RI  DQG  JK]´ LQ 3URF WK ,(((
9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH 976¶ )DOO YRO  $OWDQWLF &LW\ 1HZ -HU
VH\ 86$ 2FW  SS  ± 
>@ * $ 5RFK ³&KDQQHO RFFXSDQF\ WLPH GLVWULEXWLRQ LQ D FHOOXODU UDGLR V\VWHP´ ,(((
7UDQV 9HK 7HFKQRO YRO  QR  SS 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>@ 6 ,KDUD ³2Q WKH FDSDFLW\ RI FKDQQHOV ZLWK DGGLWLYH QRQJDXVVLDQ QRLVH´ ,QIRUP
DQG &RQWURO YRO  SS  ±  
>@ 6 6KDPDL DQG $ ' :\QHU ³,QIRUPDWLRQWKHRUHWLF FRQVLGHUDWLRQ IRU V\PPHWULF
FHOOXODU PXOWLSOHDFFHVV IDGLQJ FKDQQHOV  SDUW L´ ,((( 7UDQV ,QIRUP 7KHRU\
YRO ,7   QR  SS  ±  1RY 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>@ % *XGPXQGVRQ - 6NROG DQG - . 8JODQG ³$ FRPSDULVRQ RI FGPD DQG WGPD V\V
WHPV´ LQ 3URF QG ,((( 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH 97&¶ YRO 
'HQYHU &2 86$ 0D\  SS  ± 
>@ * 75 ³JSS VFP FKDQQHO PRGHOVÄ´ *33 75 YRO Y 6HSW

>@ , &XLQDV DQG 0 * 6iQFKH] ³:LGHEDQG PHDVXUHPHQWV RI QRQGHWHUPLQLVWLF HI
IHFWV RQ WKH EUDQ LQGRRU UDGLR FKDQQHO´ ,((( 7UDQV 9HK 7HFKQRO YRO  QR 
SS  ±  -XO 
>@ 5 3UDVDG ³2YHUYLHZ RI ZLUHOHVV SHUVRQDO FRPPXQLFDWLRQV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WLYHV´ ,((( &RPPXQ 0DJ YRO  QR  SS  ±  $SU 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>@ 3 6PXOGHUV ³6WDWLVWLFDO FKDUDFWHUL]DWLRQ RI JK] LQGRRU UDGLR FKDQQHOV´ ,(((
7UDQV $QWHQQDV 3URSDJDW YRO  QR  SS  ±  2FW 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>@ - + :KLWWHNHU ³3K\VLFDO RSWLFV DQG ILHOGVWUHQJWK SUHGLFWLRQV IRU ZLUHOHVV V\V
WHPV´ ,((( - 6HOHFW $UHDV &RPPXQ YRO  QR  SS  ±  $SU 
>@ & &KLK<XDQ DQG . &KHQ ³(IIHFWV RI UDLQ IDGLQJ RQ WKH HIILFLHQF\ RI WKH NDEDQG
OPGV V\VWHP LQ WKH WDLZDQ DUHD´ ,((( 7UDQV 9HK 7HFKQRO YRO  QR  SS 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

%,%/,2*5$3+< %,%/,2*5$3+<
>@ 6 &DWUHX[ 3 ) 'ULHVVHQ DQG / - *UHHQVWHLQ ³$WWDLQDEOH WKURXJKSXW RI DQ
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7UDQV &RPPXQ YRO  QR  SS  ±  $XJ 
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>@ . $ $QDQJ 3 % 5DSDMLF 5 :X / %HOOR DQG 7 , (QHK ³,PSDFW RI SURS
DJDWLRQV\VWHP SDUDPHWHUV RQ FHOOXODU ZLUHOHVV QHWZRUN RSHUDWLQJ DW IUHTXHQFLHV
JUHDWHU WKDQ  JK]´ LQ 3URF WK ,((( ,QWHUQDWLRQDO :LUHOHVV &RPPXQLFDWLRQV
DQG0RELOH &RPSXWLQJ &RQIHUHQFH 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>@ . $ $QDQJ 7 , (QHK / %HOOR DQG ' / /DUNDL ³7KH LQIOXHQFH RI YHKLFXODU
WUDIILF RQ FHOOXODU ZLUHOHVV V\VWHP SHUIRUPDFH DW PLFURZDYH FDUULHU IUHTXHQFLHV´ LQ
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>@ ' &R[ ³&RFKDQQHO LQWHUIHUHQFH FRQVLGHUDWLRQV LQ IUHTXHQF\ UHXVH VPDOOFRYHUDJH
DUHD UDGLR V\VWHPV´ ,((( 7UDQV &RPPXQ YRO &20 QR  SS  ± 
-DQ 
>@ - * $QGUHZV ³,QWHUIHUHQFH FDQFHOODWLRQ IRU FHOOXODU V\VWHPV D FRQWHPSRU\
RYHUYLHZ´ ,((( 7UDQV &RPPXQ YRO  QR  SS  ±  $SU 
>@ . 2JDZD $ <DPDPRWR DQG - 7DNDGD ³0XOWLSDWK SHUIRUPDQFH RI KDQGVHW DGDS
WLYH DUUD\ DQWHQQDV LQ WKH YLFLQLW\ RI D KXPDQ RSHUDWRU´ ,((( 7UDQV $QWHQQDV
3URSDJDW YRO  QR  SS  ±  $XJ 
>@ - =DQGHU ³2Q WKH FRVW VWUXFWXUH RI IXWXUH ZLGHEDQG ZLUHOHVV DFFHVV´ LQ 3URF WK
,((( 9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH 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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
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>@ $ *KRVK 5 5DWDVXN % 0RQGDO 1 0DQJDOYHGKH DQG 7 7LP ³/WHDGYDQFHG
QH[WJHQHUDWLRQ ZLUHOHVV EURDGEDQG WHFKQRORJ\ >LQYLWHG SDSHU@´ ,((( 7UDQV
:LUHOHVV &RPPXQ YRO  QR  SS  ±  -XQ 
>@ , $N\LOGL] ' 0 *XWLHUUH](VWHYH] DQG ( & 5H\HV ³7KH HYROXWLRQ WR J FHOOXODU
V\VWHPV /WHDGYDQFHG´ 3K\VLFDO &RPPXQLFDWLRQ YRO  QR  SS  ± 

>@ $ .KDQGHNDU 1 %KXVKDQ - 7LQJIDQJ DQG 9 9DQJKL ³/WHDGYDQFHG +HWHURJH
QHRXV QHWZRUNV´ LQ 3URF  (XURSHDQ :LUHOHVV &RQIHUHQFH (:¶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,WDO\ $SU  SS  ± 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>@ ' /RSH]3HUH] , *XYHQF * ' / 5RFKH 0 .RXQWRXULV 7 4 6 4XHN DQG
- =KDQJ ³(QKDQFHG LQWHUFHOO LQWHUIHUHQFH FRRUGLQDWLRQ FKDOOHQJHV LQ KHWHURJH
QHRXV QHWZRUNV´ ,((( 7UDQV :LUHOHVV &RPPXQ YRO  QR  SS  ±  -XQ
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>@ 5 0DGDQ - %RUUDQ $ 6DPSDWK 1 %KXVKDQ $ .KDQGHNDU DQG 7 -L ³&HOO
DVVRFLDWLRQ DQG LQWHUIHUHQFH FRRUGLQDWLRQ LQ KHWHURJHQHRXV OWHD FHOOXODU QHWZRUNV´
,((( - 6HOHFW $UHDV &RPPXQ YRO  QR  SS 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>@ 1 +LPD\DW 6 7DOZDU $ 5DR DQG 5 6RQL ³,QWHUIHUHQFH PDQDJHPHQW IRU J
FHOOXODU VWDQGDUGV >ZLPD[OWH XSGDWH@´ ,((( &RPPXQ 0DJ YRO  QR  SS 
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 $XJ 
>@ 7 ' 1RYODQ 5 . *DQWL $ *KRVK DQG - * $QGUHZV ³$QDO\WLFDO HYDOXDWLRQ
RI IUDFWLRQDO IUHTXHQF\ UHXVH IRU RIGPD FHOOXODU QHWZRUNV´ ,((( 7UDQV :LUHOHVV
&RPPXQ YRO  QR  SS  ±  'HF 
>@ + =KX DQG - :DQJ ³)UHTXHQF\ UHXVH LQ FKXQNEDVHG PXOWLFHOO RIGPD V\VWHPV´
LQ 3URF  ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPPXQLFDWLRQV ,&&¶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2WWDZD 21 &DQDGD -XQ  SS  ± 
>@ 6( (OD\RXEL 2 % +DGGDGD DQG % )RXUHVWLH ³3HUIRUPDQFH HYDOXDWLRQ RI IUH
TXHQF\ SODQQLQJ VFKHPHV LQ RIGPDEDVHG QHWZRUNV´ ,((( 7UDQV :LUHOHVV &RP
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>@ < /DQ DQG $ +DUDGD ³,QWHUIHUHQFH DQDO\VLV DQG SHUIRUPDQFH HYDOXDWLRQ RQ WKH
FRH[LVWHQFH RI PDFUR DQG PLFURSLFR FHOOV LQ OWH QHWZRUNV´ LQ 3URF WK ,(((
9HKLFXODU 7HFKQRORJ\ &RQIHUHQFH 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>@ 7 ' 1RYODQ ³)UDFWLRQDO IUHTXHQF\ UHXVH IRU PXOWLWLHU FHOOXODU QHWZRUNV´ 3K'
GLVVHUWDWLRQ 7KH 8QLYHUVLW\ RI 7H[DV DW $XVWLQ 
>@ - * $QGUHZV ) %DFFHOOL DQG 5 . *DQWL ³$ WUDFWDEOH DSSURDFK WR FRYHUDJH DQG
UDWH LQ FHOOXODU QHWZRUNV´ ,((( 7UDQV &RPPXQ YRO 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1RY 

